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EXECUTIVE SUMMARY 

Whether or not the thermoregulatory system fatigues (i.e., causes blunted 

shivering thermogenesis and vasoconstriction) during cold exposure is unknown. Thus, 

a series of experiments were executed to determine if serial cold water immersion or 

acute exertional fatigue would cause thermoregulatory fatigue during subsequent cold 

exposure. This information will be used in developing thermoregulatory models during 

cold exposure. During these studies several unanswered questions regarding 

thermoregulation in the cold were also addressed: 1) do thermoregulatory responses to 

cold show fatigue when prolonged cold water exposures are serially repeated? 2) are 

thermoregulatory effector responses to cold affected by time of day? (i.e., circadian 

influences) 3) does a single acute, fatiguing exercise bout impair thermoregulatory 

responses to subsequent cold exposure? and 4) does fatigue induced by severely 

strenuous physical activity compromise the immune response to cold exposure? The 

results of these studies suggest that 1) serial cold water blunts shivering leading to 

lower core temperatures, 2) thermoregulatory effector responses are not affected by 

time of day, 3) exercise increases peripheral heat loss and lowers core temperature 

during subsequent cold exposure, and 4) that acute cold exposure has 

immununostimulating effects. 



BACKGROUND 

Case studies and anecdotal reports suggest that fatigued individuals have an 

increased susceptibility to hypothermia in cold environments. However, reports 

outlining the effects of fatigue on thermoregulatory responses to cold water or air are 

few (78,79). In February 1995, four students at the U.S. Army Ranger School died of 

hypothermia during training in the swamp. The fact that this occurred at the end of a 9 

week training course which, by design, requires students to endure chronic physical 

exhaustion rekindled interest in fatigue as a hypothermia predisposition factor. 

Following this incident, USARIEM performed a study (115) of Ranger School students 

immediately following training documenting that individuals who experienced the multi- 

stressor environment of Ranger School (i.e., chronic exertional fatigue, sleep loss, 

underfeeding) exhibited more rapid body cooling due to reduced tissue insulation and a 

blunted metabolic heat production response to cold exposure, compared to responses 

to cold measured after recovery from the school. These findings suggested that such a 

multi-stressor environment might induce "thermoregulatory fatigue", i.e. cause a blunting 

of shivering thermogenesis and peripheral vasoconstriction. To address this possibility, 

we developed and executed a comprehensive series of controlled studies to examine 

the effect of various factors on thermoregulation in the cold. A systematic approach 

was utilized to elucidate the mechanisms by which fatigue may impair thermoregulatory 

responses during cold exposure. Also, we examined the effects of fatigue on immune 

function during cold exposure. The experiments described in this technical report were 

conducted in two phases. Each phase answered a set of questions and the two phases 

were not dependent on each other. The experimental studies addressed the following 



specific questions: 1) do thermoregulatory responses to cold become fatigued when 

prolonged cold water exposures are serially repeated? 2) are thermoregulatory effector 

responses affected by time of day 3) does a single bout of acute, fatiguing exercise 

impair thermoregulatory responses to subsequent cold exposure? and 4) does acute 

fatigue compromise the immune response to cold exposure? 



PHASE ONE 

REPEATED IMMERSIONS 

INTRODUCTION 

Soldiers, sportsmen, emergency rescue teams, and others may remain outdoors 

for extended periods during cold weather often combined with rain, snow and wind. 

Human thermoregulatory effector responses to cold act in concert to maintain 

normothermia and include shivering thermogenesis, which increases metabolic heat 

production, and peripheral vasoconstriction, which decreases body heat loss. If these 

adjustments are inadequate to maintain the balance between heat production and heat 

loss, which is often the case in cold-wet conditions due to the high thermal conductivity 

of water, a heat debt develops, manifested by a fall in core temperature. 

Some evidence suggests that the thermoregulatory system might fatigue during 

prolonged cold exposures. Pugh (78,79) provided anecdotal evidence that fatigue of 

shivering may have occurred in people hiking in cold-wet conditions. More quantitative 

evidence for shivering fatigue has been reported by Bell et al. (4) and, most recently, by 

Thompson and Hayward (105). Recent work has also demonstrated that smooth 

muscle may also exhibit characteristics of fatigue (113) and if this occurred in vascular 

smooth muscle, vasoconstrictor responses could be compromised.  Possible 

mechanisms for fatigue of shivering or vasoconstriction fatigue include: 1) depletion of 

muscle energy substrates fueling shivering metabolism and the central nervous system 

(CNS), 2) non-metabolic peripheral muscle fatigue, i.e, contractile mechanism failure, 



and 3) central (CNS) or peripheral (neuromuscular junction) fatigue of muscle 

recruitment for shivering/vasoconstriction. No study has specifically attempted to 

document in a systematic manner whether thermoregulatory fatigue develops during 

serial cold exposures. 

This study examined whether cold water immersions (eliciting decreases in body 

core temperature) repeated several times in one day would lead to thermoregulatory 

fatigue.  It was hypothesized that during the second and third serial immersions, blunted 

shivering thermogenesis and reduced peripheral vasoconstriction would lead to a 

greater fall in core temperature. 

METHODS 

Subjects.  Eight healthy men participated in this study.   Physical characteristics 

were age, 24.4 ± 1.1 (SE) yr; height, 177.8 ± 3.0 cm; mass, 78.8 ± 3.1 kg; body surface 

area, 1.96 ± 0.05 m2; peak oxygen uptake (V02peak), 49.5 ± 1.6 ml-kg"1-min"1; percent 

body fat 14.2 ± 1.3%; and skinfold thickness, 2.9 ± 0.5 mm. 

Preliminary testing.  Body density from underwater weighing corrected for 

residual lung volume was measured and percent fat calculated according to Siri (94). 

Mean skinfold thickness was calculated from 10 sites according to Allen et al. (2). All 

subjects completed an incremental cycle ergometer test to exhaustion for determination 

of V02 peak- Briefly, subjects pedaled at 60 watts for 2 min and the resistance was 

increased 30 watts every 2 min until exhaustion was achieved. 

Experimental design. Subjects reported to the laboratory one hour before their 

immersion. Subjects refrained from alcohol, tobacco products, medications, and 



exercise for 12 hours before all testing. Following instrumentation, subjects were 

seated for 15 minutes on a platform suspended above the water to obtain pre- 

immersion measurements. Following these baseline measurements, subjects were 

quickly lowered into stirred water (20°C) to shoulder level. On 3 separate days, 

designated as controls, subjects were immersed for 120 min beginning ~ at 0700, 1100, 

and 1500. These control trials (CONTROL) were separated by at least one week and 

the order was randomized. Following completion of the 3 control trials, subjects were 

then immersed 3 times (REPEAT) during the course of one day, with the beginning of 

each immersion corresponding to the starting time (0700, 1100, 1500) of the three 

control trials. The duration of these immersions was 120 min. Pre-immersion rectal 

temperatures (Tre) at 1100 and 1500 during REPEAT were matched as closely as 

possible to the Tre recorded at these times during the control experiments. To achieve 

this match, subjects were passively rewarmed (semi-recumbent, clothed in sweatsuit 

and covered by one wool blanket) for one hour after the 0700 and 1100 immersions. 

During min 10-30 of the passive rewarming period following both the 0700 and 1100 

immersions, subjects received 3.57 mlkg"1 of hot chocolate and 16 oz of a commercial 

liquid food supplement (Ensure®, Ross Laboratories, Columbus, OH). Following the 

one hour passive rewarming, subjects were placed in a warm shower until their Tre 

matched their respective control 1100 and 1500 pre-immersion Tre.  Before re- 

immersion, subjects were seated on the platform above the water for 15 min to obtain 

baseline body temperature measurements. 

Measurements. A thermistor inserted 10 cm past the anal sphincter measured 

rectal temperature.  Mean weighted skin temperature (Tsk, °C) and mean weighted heat 



flow (Hc, W-m"2) were calculated from TSk and heat flow measurements obtained using 

an integrated disk system (Concept Engineering heat flow sensor with integral linear 

thermistor, Old Saybrook, CT) placed at nine skin surface sites. Mean weighted skin 

temperature (°C) was calculated (106) as follows: Tsk = 0.06Tfoot + 0.17Tcaif + 0.14Tmediai 

thigh + 0.14T|ateral thigh + 0.14Tchest + 0.07TtriCep + 0.07Tforearm + 0.14TSUbscapular + 0.07Thand- 

Mean weighted heat flow (W-m"2) was calculated (21) as follows: Hc = 0.28Hsubscapuiar + 

0.14Hforearm + 0.08Htriceps + 0.22Hcaif + 0.28Hthigh- Mean body temperature (Tb) was 

calculated (37) as follows: pre-immersion, Tb = 0.8Tre + 0.2 fsi<; during immersion, f b = 

0.67Tre + 0.33 Tsk- Tissue insulation was measured (37) as follows: lT =(Tre-Tsk)/Hc. 

Individual skin conductance at the site of each heat flow disk was calculated as the 

reciprocal of lT. Temperature and heat flow measurements were continuously recorded 

using a computer-automated data acquisition system. 

Oxygen uptake (02) was measured via open circuit spirometry using an 

automated metabolic analysis system (Model 2900, Sensormedics, Yorba Linda, CA). 

Measurements were obtained during preimmersion and at minutes 5-15, 25-35, 45-55, 

65-75, 85-95, and 105-115 of immersion. Metabolic heat production (M, W-m"2) was 

estimated from the 02 and respiratory exchange ratio (R) using the following equation 

(37): = (0.23[R] + 0.77) ■ (5.873)(V02) • (60/AD), where AD is body surface area (m2), 

derived from the DuBois and DuBois equation (30). 

Body heat storage (S, W-m"2) was calculated as follows (37): ±S = M- W - L - E 

-K - (R+C), where is the metabolic rate, W is work rate (0 in this experiment), L is the 

respiratory heat losses by convection and evaporation (22), E is evaporative heat loss 

(set at4.1 Wm"2 in this experiment) (22), K represents conductive heat loss (0 in this 

7 



experiment) and R+C represents dry heat loss. Cumulative body heat debt was 

expressed as a positive number and was defined as the total negative heat storage 

integrated overtime. Thermal sensation (TS) was rated using a category rating scale 

(117) at min 0, 15, 35, 55, 75, 95, and 115 of exposure. 

Blood. Whole blood samples were drawn at pre-immersion (min 0) and at 

minutes 30, 60, 90, and 120 of immersion from an indwelling venous catheter (18 

gauge) placed in a superficial forearm vein.   Aliquots were centrifuged at 4°C to 

separate the plasma. Plasma samples were frozen at -40°C before analysis. Plasma 

glucose concentration was determined in duplicate by auto-analyzer (Model 2300, 

Yellow Springs Instrument Inc., Yellow Springs, OH). Plasma norepinephrine (NE) 

concentration was determined (48) in duplicate via high performance liquid 

chromatography with electrochemical detection (Model 460, Waters, Inc.). 

Statistical Analyses. A two-way repeated measures analysis of variance was 

utilized to determine if significant differences existed between the appropriate control 

(0700, 1100, 1500) condition and the REPEAT trial at the same time of day. Significant 

F-ratios were analyzed post-hoc using Newman-Keuls tests. The slope and intercept of 

each individual's f b vs change in M (AM) relationship during immersion was determined 

by least squares linear regression. Paired t-tests were used to determine if differences 

in slope or intercept data existed between CONTROL and REPEAT for Tb vs. AM.  Data 

are reported as means + S.E. Significance was determined at p < 0.05. 



RESULTS 

Rectal temperature. Rectal temperatures (Tre) before and during the 

immersions are depicted in Figure 1. During the 0700 immersion, there were no 

significant differences in Tre across time between CONTROL and REPEAT. However, 

during the 1100 immersion, Tre was significantly lower at min 120 of the REPEAT trial 

and there was a tendency (p < 0.12) for a similar effect in REPEAT during the last 20 

min of the 1500 immersion. The cooling rate ("Ohr"1) from min 60 to min 120 of 

CONTROL and REPEAT immersions, respectively, was: 0700, -0.62 ± 0.1 and -0.65 ± 

0.1; 1100 (p = 0.21), -0.55 ±0.1 and-0.74 ± 0.1; 1500 (p = 0.13), 

-0.55 ±0.1 and-0.73 ±0.1. 

Skin temperature. There were no significant differences in mean skin 

temperature (Tsk) between trials at 0700, 1100, or 1500, either before or during the cold 

water immersion. 

Heat flow.   Pre-immersion Hc (W-irf2) was significantly higher in REPEAT vs. 

CONTROL before the 1100 (128 ±7 vs. 71 ± 3) and 1500 (120 ± 9 vs. 71 ±3) 

immersions. However, after subjects were immersed, there were no significant 

differences in Hc between trials. Hc increased to approximately 500 WrrT2 at min 5 of 

immersion, then fell to approximately 250 ± 20 W-m"2 at 60 min of immersion.  Final lT 

(°C-m2W"1) were not different between trials at 0700 (0.06 ± 0.01 vs 0.06 ±0.01), 1100 

(0.06 ± 0.01 vs. 0.07 ± 0.01), and 1500 (0.06 ± 0.01 vs. 0.07 ± 0.01) for CONTROL and 

REPEAT, respectively. Skin conductance was not significantly different at 1100 

between trials at any of the 9 individual sites measured. 
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different from Control, P < 0.05 

10 



Metabolie heat production.  Pre-immersion did not differ between trials at 0700, 

1100, or 1500 immersions (Figure 2). M increased approximately 2.5-3 fold after 

subjects were immersed and they appeared to be shivering vigorously. During the 0700 

immersion, there were no significant differences in M except at min 75, when M was 

lower (p < 0.05) during REPEAT (Figure 2). During the 1100 and 1500 immersions, M 

was significantly (p < 0.05) lower in REPEAT vs. CONTROL. 

Heat Debt. Heat debt across time was similar between trials at 0700 and 1500 

(Figure 3). However, heat debt was significantly higher in REPEAT at min 115 during 

the 1100 immersion trial. 

fb vs. AM .relationship. The relationships between mean body temperature (Tb) 

and the corresponding increment in metabolic heat production over pre-immersion 

values (AM, a measure of shivering thermogenesis) are presented in Table 1. 

During the 0700 immersion, there were no differences between trials in either the 

intercept or the slope of the Tb vs. AM relationship. During the 1100 immersion, the 

intercept for Tb was significantly lower in REPEAT than CONTROL, but slopes were not 

different between trials.  During the 1500 immersion, there were no differences between 

trials in either the intercept or slope of the Tb vs. AM relationship. 

Plasma Glucose. Pre-immersion glucose concentrations (mmolT1) were: 4.7 ± 

0.2 and 5.1 ±0.1 at 0700; 5.1 ± 0.2 and 5.8 ± 0.3 at 1100; and 5.1 ± 0.5 and 6.6 ± 0.6 at 

1500, for CONTROL and REPEAT, respectively. Glucose concentrations at min 120 

were: 5.0 ± 0.2 and 5.0 ±0.1 at 0700; 4.9 ± 0.2 and 4.8 ± 0.1 at 1100; and 4.9 ±0.1 and 

4.8 ± 0.1 at 1500, for CONTROL and REPEAT, respectively. 
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Plasma Norepinephrine. Figure 4 depicts the plasma NE concentrations during 

all three immersions. There were no differences observed at 0700. However, at 1100 

and 1500, plasma NE was significantly higher before immersion in REPEAT vs. 

CONTROL. NE concentrations during immersion did not differ between trials. 

Thermal Sensation. During 0700 or 1500 immersions (Figure 5), there were no 

differences in TS between trials. However, during 1100 immersion, TS was significantly 

higher in REPEAT vs. CONTROL, (i.e. subjects perceived the immersion as warmer). 

Amnesia. An interesting finding study from this study was the occurrence of 

amnesia in one subject. The subject reported no symptoms during the first two 

immersions (0700 and 1100) during the REPEAT day. During REPEAT at 1100, Tre 

was approximately 0.3°C lower after 2 hours of immersion. During the 1500 REPEAT 

immersion, the subject reported feeling exhausted, tired, and that his muscles were 

sore. However, nothing remarkable occurred until min 85 of immersion. At this point, 

the principal investigator observed that the volunteer turned pale. At min 90 the medical 

monitor was called and a technician stationed in the water next to the volunteer. The 

subject responded to questions from the medical monitor from min 95 to min 115, at 

which point his face fell into the water and the experiment was stopped.  During this 20 

min, the volunteer exhibited altered affect (i.e. whimpering, anxious delirium-like state), 

yet remained alert, oriented, and repeatedly insisted that he be allowed to complete the 

experiment. Oxygen uptake (V02) was measured from min 105-112. After stopping the 

test, the subject was stabilized on a poolside platform for 7 min.  He then walked down 

several stairs before assuming a semi-recumbent position for rewarming. At this point, 

the investigator recounted to the volunteer the symptoms that the volunteer exhibited. 
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The volunteer did not recall these symptoms, nor did he recall the V02 measurement, 

which requires the volunteer to place and breathe through a mouthpiece.  Further 

questioning by the medical monitor revealed that the last clearly recalled event by the 

subject occurred at min 95 of immersion. This lack of memory recall lasted until min 115 

when the subject was raised out of the water. During REPEAT trial at 1500, Tre was 

35.6X at min 95 and rose 0.1 °C over the next 20 min when the test was terminated. In 

comparison, during CONTROL, Tre at min 95 was 35.5X and remained at 35.5°C 

through min 115. Plasma glucose concentrations at min 90 were 4.72 and 4.97 mmolT 

, for CONTROL and REPEAT respectively. Plasma norepinephrine concentrations 

were 14.72 and 14.80 nmol-l"1, for CONTROL and REPEAT respectively. 

DISCUSSION 

This study investigated whether thermal balance and thermoregulatory 

responses during cold water immersion would be degraded over the course of several 

serial immersions completed in a single day. The hypothesis was that the 

thermoregulatory system could become "fatigued" and unable to maintain thermal 

balance as effectively during subsequent exposures. No previous studies have 

systematically evaluated repeated cold exposure in one day controlling for factors such 

as circadian rhythm and initial core temperature. 

The principal finding of this study was that Tre was significantly lower in REPEAT, 

vs. CONTROL, at the end of the 1100 immersion. There was also a greater heat debt 

in the REPEAT vs. CONTROL trial during the 1100 immersion.  Even larger differences 

in Tre might have been observed if the immersion had continued beyond two hours due 
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to the 0.2°Chr~1 difference in cooling rate that had developed by this point. The Tre and 

heat debt data from the 1500 trial was also consistent with this pattern, although 

differences between CONTROL and REPEAT did not achieve statistical significance. 

These observations tend to support the hypothesis, and suggest that susceptibility to 

hypothermia may increase with repeated cold exposures completed during a single day. 

The lower Tre observed by the end of immersion in the 1100 REPEAT trial 

appears to be due to an attenuated thermogenic response to cold and not a loss of 

vasoconstriction. No differences between trials in Hc or lT suggests that peripheral heat 

loss was not affected by multiple cold exposures and suggests that there was no fatigue 

of cutaneous vascular smooth muscle or vasoconstrictor neural drive. A blunted 

thermogenic response was supported by metabolic heat production and Tb vs. AM data. 

The decrease in metabolic heat production may also partially result from a delay in the 

onset of shivering. The intercept for the Tb vs. AM relationship shifted such that the 

increase in during the 1100 REPEAT exposure was not observed until the subjects 

achieved a lower Tb. Therefore, at any given f b, M was lower in the REPEAT trial vs. 

CONTROL at 1100. 

A similar intercept shift in the shivering response has also been demonstrated 

after N2 narcosis (69), anesthesia (86), hypercapnia (55), hypoglycemia (74), and an 

increase in TsW (8,20). A leftward shift in the intercept of the fb vs. AM relationship has 

been interpreted as an alteration in the central reference mechanism controlling 

thermoregulatory effector responses (100). The subjects in the present experiments 

were breathing air at sea level barometric pressure, so anesthetic effects or nitrogen 

levels in the body do not explain the shivering suppression, nor is it likely that they were 
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hypercapnic.  Plasma glucose concentrations were well above 2.5 mmolT1 during the 

course of any immersion and Tsk were similar between trials during all three immersion 

periods. 

Another possible explanation for the apparent blunting of M observed with serial 

immersion is that it represents the early development of shivering habituation. In 

previous studies involving cold exposures, shivering habituation has developed over the 

course of a number of days or weeks of repeated cold exposure (12,47,114). The 

interesting possibility arises that even as few as one or two cold exposures may be a 

sufficient stimulus for adaptation to cold to begin. The blunting of thermal sensation 

also suggests habituation. However, in previous investigations, cold habituation blunted 

the vasoconstrictor and sympathetic responses to cold (64,80). In the present study, no 

blunting of plasma NE response to cold was seen, nor were there any apparent 

changes in the vasomotor response to cold. Studies demonstrating habituation of 

vasomotor and sympathetic responses to cold, however, employed cold air exposures 

in contrast to the cold water immersions used in the present experiments. Immersion 

may mask any changes in Tsk due to the near matching of Twater to Tsk. Further, the 

large rates of heat loss may elicit maximal sympathetic responses in both acclimated 

and unacclimated persons. Thus, even if a relatively small number of cold water 

exposures are sufficient to begin the development of metabolic and perceptual 

adaptations to cold, more exposures are needed for thermoregulatory effector 

responses to fully develop. 

The effect of circadian rhythms on responses to cold has not been explored. 

Potentially due to a circadian rhythm effect, during the 1100 CONTROL, there was a 
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tendency for the mean intercept, compared to the other controls, to be higher (p = 0.18). 

And, although the mean intercept during 1100 REPEAT was similar to 0700 and 1500 

REPEAT, this value may, in fact, reflect a blunting of the normal circadian response at 

1100 due to multiple immersions. The slope of Tb vs. AM was not altered, suggesting 

that the sensitivity of the metabolic response to a given change in body core 

temperature was unchanged. Further studies examining time of day effects on 

thermoregulatory responses to cold are needed. 

The hypothesis of this experiment was that serial cold water immersions, 

repeated over a short period, would lead to an inability to thermoregulate effectively, 

thus increasing a person's risk of hypothermia. Our data suggest that this in fact may 

be the case, as individuals were unable to maintain body temperature as well after 

being cold exposed before a subsequent cold exposure. It appears that this reduction is 

due to an attenuation of the metabolic heat response to the cold. However, these 

results may also be explained by the early development of cold habituation. Further 

studies are needed to determine if the thermoregulatory system "fatigues" with repeated 

cold exposures, but the possibility that cold adaptation can develop more rapidly than 

thought must be considered when designing experiments. 

Amnesia. Brown and Hachinski (11) define transient global amnesia (TGA) as "a 

syndrome in which a previously well person suddenly becomes confused and amnesic." 

The interesting finding is that a person had a lack of memory recall during cold 

exposure at a time when rectal temperature measurements demonstrated that he was 

not clinically hypothermic. TGA typically is 20 minutes in duration and is common in 

older individuals.  It is atypical in a young person. The physiology of TGA is also quite 
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different than hypothermia-induced amnesia. For example, the EEG in TGA shows a 

different firing pattern than hypothermia-induced amnesia, which is characterized by a 

decrease in alpha activity (34). Most amnesia reports during cold exposures are 

anecdotal. However, Keatinge (57) reported amnesia in two subjects cooled to core 

temperatures of 34.2 and 35.1°C. Impaired memory during cold water immersion has 

also been demonstrated by Coleshaw et al. (21). Fisher (33) reviewed 78 cases of TGA 

and found 3 were precipitated by cold water. Other precipitating events include 

emotional experiences, sexual intercourse, and pain (33). 

The underlying physiologic cause of amnesia and delirium in this experiment is 

not apparent, although cold water, migraines, and other stresses typically precipitate 

TGA. Potential mechanisms for TGA include vertebral arterial spasm (52), transient 

ischemic attacks (35), and other changes associated with migraines (107). Follow-up 

studies on this subject to rule out underlying structural causes, epilepsy, or vascular 

stenosis were not conducted (11).   A potential etiology for this amnesic episode, 

suggested by the subject's pallor, is a change in cardiovascular function. However, 

cardiac output and total peripheral resistance are reportedly unchanged during this type 

of immersion (31). 

The experimental treatment (3 immersions and 2 rewarmings over a 10 hour 

period) may itself have led to the amnesia.   Hypoglycemia was ruled as a factor as 

plasma glucose levels remained normal. Body temperature fluctuations or repeated 

cold water exposures could lead to endotoxemia or other metabolic disturbances during 

rewarming.  However, there were no gastrointestinal disturbances or fever noted. 
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Regardless of the physiologic mechanisms, memory loss and confusion induced 

by cold-exposure without hypothermia is an important observation. This demonstrates 

how decision making could be impaired in fatigued-cold persons. Clearly, prevention of 

hypothermia alone is not sufficient to defend persons from this problem. Amnesia 

occurring at this relatively non-hypothermic body temperature must be a concern for 

individuals who experience low body temperatures in non-controlled settings such as 

professional or recreational diving. Also prolonged exposure to cold, rainy weather may 

increase the risk of mental impairment and behavioral changes (76). Memory lapses 

and amnesia during cold exposure may affect decision making, thereby leading to more 

serious complications. 

TIME OF DAY EFFECTS 

INTRODUCTION 

Resting core temperatures (Tcore) vary throughout the day, according to an 

intrinsic circadian rhythm. Typically, Tcore achieves its nadir in the early morning and 

then rises to a peak in the late afternoon. Thermoregulatory responses to exercise and 

heat stress (e.g., Tcore threshold for the initiation of sweating and forearm blood flow) 

also vary over the day (100,109). These threshold changes closely parallel the change 

in resting Tcore. Whether human thermoregulatory responses to cold stress exhibit 

similar rhythmicity has not been documented.  Information regarding a possible 

circadian pattern to thermoregulatory responses to cold stress has important 

implications for experimental designs and perhaps predicting susceptibility to cold injury. 
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This study examined whether shivering thermogenesis or vasoconstriction during 

cold water immersion differs between morning and afternoon exposure. It was 

hypothesized that the shivering response to cold exposure would vary with time of day, 

such that with the circadian rise in TCOre, the onset of shivering would occur at a higher 

body temperature. We also hypothesized that the vasomotor responses governing 

peripheral heat loss during cold exposure would also exhibit a time of day effect, 

although we could not predict the direction ofthat effect. Experimental findings reported 

could support a shift in either direction. On the one hand, plasma norepinephrine has 

been shown to be higher in the afternoon vs. morning (97), so peripheral heat losses 

may also be less in the afternoon due to greater sympathetically mediated peripheral 

vasoconstriction. On the other hand, radiative and convective heat loss (via an increase 

in resting forearm blood flow) is greater in the afternoon vs. morning (72,99), which 

would lead to greater heat loss. 

METHODS 

Subjects. Nine males participated in this study after being fully briefed on the 

risks and giving informed consent. Physical characteristics were: age, 23.8 ±1.1 (SE) 

yr; height, 178.3 ± 2.8 cm; mass, 77.8 ± 2.9 kg; body surface area, 1.95 ± 0.05 m2; peak 

oxygen uptake (V02peak), 50.2 ± 1.6 ml-kg"1-min"1; body fat, 14.0 ± 1.2 %; and skinfold 

thickness, 2.8 ± 0.5 mm. Subjects had no history of cardiovascular or metabolic 

disease, or prior cold injuries. All procedures were approved by the appropriate 

Institutional Review Board. 
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Preliminary testing. Body density was determined from underwater weighing with 

percent fat calculated according to Siri (94). Mean skinfold thickness was calculated 

from 10 sites according to Allen et al. (2). Two weeks before beginning the 

experimental protocol, all subjects completed an incremental effort cycle ergometer test 

to exhaustion for determination of V02Peak- Briefly, subjects pedaled (60 rpm) at a 

resistance of 60 watts for 2 min. The resistance was increased 30 watts every 2 min 

thereafter until the subject reached exhaustion. 

Experimental design. Subjects reported to the laboratory one hour before the 

experiment and instrumentation was affixed. They then sat quietly for 15 minutes on a 

platform suspended above the water (0700 h Tamb, 24.3 ± 0.2°C; 1500 h Tamb, 24.7 ± 

0.4°C) while staff obtained pre-immersion measurements of body temperature and 

metabolic heat production. Following these baseline measures, subjects were quickly 

lowered into 20°C water to shoulder level where they remained immersed for 120 min. 

Tests were terminated if Tre reached 35°C (45).  Each subject completed two 

immersions on separate days. One experiment began at 0700 h and the other at 1500 

h. These trials were separated by at least one week and the order was randomized. 

Subjects refrained from using alcohol, medications, or tobacco products, and did not 

exercise for 12 hours before testing. Approximately 1-1.5 h before 0700 h trial, subjects 

consumed a light breakfast (piece of fruit, juice). Before the 1500 h experiment, 

subjects ate lunch (sandwich, soda) 3-3.5 h before immersion and were involved in only 

light activities (i.e., desk work). The rationale for these feedings was to prevent 

hypoglycemia. 
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Measurements. Rectal temperature was measured by a thermistor inserted 10 

cm past the anal sphincter. Mean weighted skin temperature (TSk, °C) and mean 

weighted heat flow (Hc, W-m"2) were measured using an integrated disk system 

(Concept Engineering heat flow sensor with integral linear thermistor, Old Saybrook, 

CT). Mean weighted skin temperature (°C) was calculated as follows: fSk = 0.06Tfoot + 

0.17Tca|f + 0.14Tmedial thigh + 0.14T,ateral thigh + 0.14Tchest + 0.07Ttricep + 0.07Tforearm + 

0.14TSUbscapuiar + 0.07Thand (18). Mean weighted heat flow (W-m"2) was calculated as 

follows: Hc = 0.28HsubscapU|ar + 0.14Hforearm + 0.08Htriceps + 0.22Hcaif + 0.28Hthigh (18). 

Mean body temperature (fb) was calculated as follows: pre-immersion, Tb = 0.8Tre + 

0.2Tsk; during immersion, fb = 0.67Tre + 0.33Tsk (37). Temperature and heat flow 

measurements were continuously recorded using a computer-automated data 

acquisition system. 

Oxygen uptake (V02) was measured using an automated metabolic analysis 

system (Model 2900, Sensormedics, Yorba Linda, CA) before and at minutes 5, 25, 45, 

65, 85, and 105 of immersion. Metabolic heat production (M, W-rrf2) was estimated 

from the V02 and respiratory exchange ratio (R) using the following equation (37): M = 

(0.23[R] + 0.77) ■ (5.873)(V02) ■ (60/AD) where AD is body surface area (m2), derived 

from DuBois and DuBois (30). 

Blood.  Blood samples were drawn before immersion (min 0) and after 90 

minutes of immersion via an indwelling venous catheter (18 gauge) placed in a 

superficial forearm vein. Aliquots were centrifuged at 4°C to separate the plasma. 

Plasma norepinephrine (NE) was determined (48) in duplicate via high performance 
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liquid chromatography with electrochemical detection (Model 460, Waters, Inc.). 

Plasma samples were frozen at -40°C before analysis. 

Statistical Analyses. A 2-way repeated measures analysis of variance (trial X 

time) was used to determine if significant differences existed between the 0700 h and 

1500 h trials. When significant F-ratios were detected, paired comparisons were 

analyzed post-hoc using the Newman-Keuls test. The slope and intercept of each 

individual subject's Tb- AM relationship during immersion was determined by least 

squares linear regression. Paired t-tests were then utilized to analyze slope and 

intercept data to determine if differences existed between 0700 h and 1500 h for Tb-AM. 

Data are reported as means + S.E. Significance was accepted at p < 0.05. 

RESULTS 

Immersion Time. The immersion time for 7 subjects was the same (120 min) for 

both trials. However, the immersion times for two of the subjects were lower at 0700 h 

(56.6 and 66.5 minutes) vs. 1500 h (120 min for both subjects) because they reached 

the Tre safety limit of 35°C. 

Temperature and heat flow responses. Tre was significantly higher (p < 0.05) at 

1500 h compared to 0700 h before and throughout the 120 min immersion (Figure 6). 

The change in Tre was greater at 1500 h (p < 0.05) from min 60 through min 120 (Figure 

6). Tsk was higher (p < 0.05) at min 0 in trial 1500 h ( = 0.4°C), but after immersion, no 

differences were observed between trials (Figure 7). The gradient between Tre and fsk 

was higher (p < 0.05) during trial 1500 h (Figure 7). Hc (W-m~2) during immersion did 

not differ (p > 0.05) between trials (Figure 8). 
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Metabolie heat production. M was similar between trials throughout the 120 min 

immersion (Figure 8). Analysis of the Tb-AM relationship demonstrated no differences 

in either the slope (-64.0 ± 4.2 vs. -68.0 ± 4.9) or intercept (32.7 ± 0.2 vs. 32.9 ± 0.2), for 

0700 h and 1500 h respectively. 

Plasma norepinephrine. There were no significant differences in plasma NE 

concentration (pgml"1) at min 0 (290 ± 60 vs. 342 ± 87) and min 90 (1560 ± 448 vs. 

1564 + 361) for 0700 h and 1500 h, respectively. 

DISCUSSION 

Human heat stress studies have demonstrated a circadian shift in the onset of 

thermoregulatory responses, similar to the circadian shift in Tcore (98,100,109). 

However, this study is the first to focus on whether thermoregulatory responses to cold 

water immersion are affected by time of day. Overall the data indicate little difference in 

thermoregulatory responses to acute cold exposure as a function of time of day. 

This study found that Tre remained higher throughout the immersion period at 

1500 h, compared to 0700 h. This is due to the higher initial core temperature at 1500 h 

vs. 0700 h, a circadian variation well documented (98,100,109).  Interestingly, the 

change in Tre during cold water immersion was greater at 1500 h. This is most likely 

due to the higher Tre-Tsk gradient at 1500 h promoting a greater transfer of heat from the 

core to the periphery. Whether the faster decease in Tre at 1500 h would be sustained 

after the Tre had reached the same temperature as at the end of the immersion begun at 

0700 h cannot be determined from this data. 
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We observed no time of day effect on the two principal physiological responses 

elicited in humans exposed to cold. Absolute metabolic heat production was similar as 

were the slope and intercept of the relationship of f b to AM. This suggests that time of 

day has no effect on the onset or sensitivity of shivering thermogenesis during cold 

water immersion. Time of day also appears to have no effect on cold-induced 

vasoconstriction. Skin temperatures and heat flow during cold water immersion were 

the same at 0700 h and 1500 h, suggesting no effect on peripheral heat loss. Plasma 

NE, a marker of sympathetic nervous system activation (32), was also the same 

between the two times. Together, these observations suggest no effect on the 

sympathetically mediated vasoconstrictor response to cold. This observation is 

consistent with those reported from the only other investigation of circadian variations in 

thermoregulatory effector responses to cooling (103). Tayefeh et al. (103) observed no 

difference in the cooling-induced vasoconstriction threshold between 0700 h and 1600 

h, although a shift was apparent by 0300 h. However it is unclear to what extent that 

shift resulted from sleep deprivation as opposed to circadian rhythm effects (103). We 

can only speculate what may occur if we were to perform our experiments at 0300 h. 

One potential reason differences in thermoregulatory responses to cold exposure 

were not observed between 0700 h and 1500 h was that the cold stimulus used was 

severe.  Cold water immersion elicits maximal cutaneous vasoconstriction and high 

levels of shivering thermogenesis. Thus, it was possible that cold water immersion 

elicited maximal responses during both trials, and thus "time of day" differences in 

thermoregulatory responsiveness may have been masked. Therefore, further studies 
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using a less severe stimulus (cold air) that does not cause maximal constriction and 

shivering may be warranted. 

Two subjects' 0700 h experiments were terminated early because their Tre 

achieved the safety limit of 35°C.   For one, there were no differences in metabolic heat 

production, peripheral heat loss, or cooling rate. It appears that Tre reached the safety 

limit earlier in the 0700 h trial simply due to the 0.6°C lower initial Tre compared to 1500 

h. Therefore, this subject's overall responses to cold at different times are similar to the 

other 7 volunteers. The data from the other volunteer whose test was terminated early 

suggest that a blunted shivering response might have been responsible for the faster 

drop in core temperature. The slope of this subject's Tb- AM relationship was less and 

therefore M lower at any given fb at 0700 h vs. 1500 h; there was no difference in the 

intercept (onset) of shivering. The mechanism by which the thermogenic response to 

cold might have been blunted at 0700 h in this individual is not apparent. Factors 

known to impair shivering during cold exposure include hypoglycemia (38,74), fatigue 

(115), and alcohol consumption (36). However, this subject's blood glucose was 

normal, he was well rested, and had consumed no alcohol before the 0700 cold 

exposure. 

In summary, thermoregulation during cold water immersion is similar between 

0700 h and 1500 h. We observed no differences in metabolic heat production, the Tb- 

AM relationship, or peripheral heat loss. This finding has important implications for the 

onset of hypothermia (Tcore, < 35°C). Individuals typically have a lower resting Tcore in 

the morning, thus, when morning cold exposures are severe enough to cause core 

temperature to decrease, dangerously low core temperature levels may be achieved 
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sooner than when cold exposure takes place in the afternoon when resting TCOre is 

elevated. 

PHASE TWO 

PRIOR EXERCISE 

INTRODUCTION 

Exercise has been conjectured to increase an individual's risk of hypothermia 

during cold exposure (18,25,110). However, experimental and clinical evidence for this 

is largely anecdotal. Over 30 years ago, Pugh (78,79) concluded that exercise-induced 

fatigue was an etiologic factor predisposing hikers, climbers, and outdoorsman to 

hypothermia, but he provided no data demonstrating this belief with a physiological 

mechanism for this predisposition. Recently, Thompson and Hayward (105) suggested 

that exercise during cold-wet exposure may fatigue shivering thermogenesis, but their 

findings did not definitively support their speculation. Others (68,111) have reported 

that exercise performed before subsequent cold water immersion exacerbates the fall in 

core temperature, but these results were inconclusive because pre-immersion core 

temperature differed between the experiments (68), or a cross-sectional methodology 

was employed (111).  Furthermore, because water has such a high thermal 

conductivity, peripheral heat loss during cold water immersion may be too pronounced 

for exercise effects on thermal balance and thermoregulatory effector responses to be 

detected. 
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Exercise could increase the risk of hypothermia during subsequent cold exposure 

due to several reasons. First, exercise might mediate "thermoregulatory fatigue" which 

would blunt shivering responses and reduce vasoconstriction during subsequent cold 

exposure. For example, we (115) have observed that a prolonged period of physical 

exertion coupled with sleep deprivation and negative energy balance resulted in a 

lowered threshold for shivering despite normal plasma glucose concentrations. Those 

findings, however, did not allow isolation of the effects of previous exercise from sleep 

deprivation and negative energy balance. Second, cold exposure immediately after 

performing leg exercise might result in accentuated heat loss from "thermoregulatory 

lag". Thermoregulatory responses are aimed at facilitating heat dissipation during 

exercise in temperate conditions (85) and subsequent cold exposure might mediate a 

"lag" in switching from heat loss to conservation. Evidence for this might include 

increased heat loss from areas of active cutaneous vasodilation such as the torso and 

arms. Third, exercise might mediate greater heat loss during subsequent cold exposure 

due to "heat redistribution" to active limbs. During exercise, active skeletal muscle 

increases perfusion and perfusion can remain elevated for extended durations (104) 

facilitating regional heat loss over these active limbs during exercise (84). Evidence for 

a "heat redistribution" might include greater regional heat loss over the active limbs 

(legs) during subsequent cold exposure. 

This study examined whether exercise impairs the body's capability to maintain 

thermal balance during subsequent cold exposure. It was hypothesized that a greater 

decrease in core temperature (TCOre) would occur during cold exposure following 

exercise compared to cold exposure preceded by resting. We hypothesized that 
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exercise would mediate some combination of "thermoregulatory fatigue", 

"thermoregulatory lag", and/or "heat redistribution" which would be manifested as a 

more rapid cooling rate during cold exposure. To distinguish between these potential 

mechanisms, and the "thermal" consequences of exercise (increased core 

temperatures), control experiments were performed following passive heating to elevate 

the initial core temperature to the same levels achieved by exercise. 

METHODS 

Subjects.   Ten, healthy men volunteered to participate in this study as test 

subjects. Physical characteristics were age, 24.7 ± 1.7 (SE) yr; height, 176.8 ± 2.1 cm; 

mass, 78.1  ± 3.5 kg; body surface area, 1.93 ± 0.05 m2; peak oxygen uptake (V02peak), 

46.1 ± 1.3 mlkg"1min"1; percent body fat, 15.0 ± 1.2 %; and skinfold thickness, 3.2 ± 0.4 

mm. 

Preliminary testing. Body composition was measured using dual energy x-ray 

absorbitometry (Model DPX-L, Lunar Corp., Madison, Wl). Mean skinfold thickness was 

calculated from 10 sites according to Allen et al. (2). All subjects completed an 

incremental cycle ergometer test for determination of V02 peak- Briefly, subjects pedaled 

at 70 watts for 2 min with the resistance increased by 35 watts every 2 minutes until the 

subject was exhausted and could no longer maintain the exercise intensity. 

Experimental Design. Subjects completed two experimental trials, on separate 

days, spaced by one week. Subjects refrained from smoking, taking medication, and 

exercising 12 hours before any testing session. Each trial consisted of a standardized 

cold air test (CAT) preceded by one of two manipulations: A) exercise (EX), or B) 
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passive heating (HEAT). The EX trial consisted of 60 min semi-recumbent cycle 

ergometer exercise (EX), immersed to shoulder level in a water immersion pool at 35.0 

± 0.1°C followed by the CAT. The immersion pool holds ~ 36,000 liters and is controlled 

within 0.5°C by a temperature control system. Mean exercise intensity was 55.4 ± 2.3 

% V02 peak for EX. The HEAT trial consisted of sitting in the immersion pool at 38.2 ± 

0.0°C until rectal temperature rose to match that at the completion of EX followed by the 

CAT. This approach precluded using a randomized design and the HEAT trial always 

followed the EX trial. Immediately following EX or HEAT, subjects toweled off, changed 

into dry shorts and socks, and were taken to the anteroom of the cold chamber for 

baseline measurements. This took approximately 20 minutes. Five minutes of baseline 

data (body temperatures, HR, metabolic rate) were collected outside the cold air 

chamber (22.8 ± 0.8°C) while the subject sat quietly, and then they rose and walked into 

the cold air chamber (4.6 ± 0.1 °C) and reclined for up to 120 min in a nylon mesh 

lounge chair. While reclining, the subjects sat quietly and were not allowed to employ 

behavioral thermoregulation. The trials were all conducted at the same time of day to 

control for the potential influence of circadian rhythmicity. 

Measurements and Calculations. Rectal temperature (Tre) was measured by a 

thermistor inserted 10 cm past the anal sphincter. Integrated heat flow and skin 

temperature disks (Concept Enginnering, Old Saybrook, CT) were secured at 5 (in 

water) and 8 (CAT) sites (right side of the body). Mean weighted skin temperature (Tsk) 

during water immersion was calculated as follows: fsk = 0.28TsubScapuiar + 0.14Tforearm + 

0.08Ttriceps + 0.22Tcaif + 0.28T|aterai thigh-  During CAT, Tsk (°C) was calculated as follows: 

0.06Tfoot + 0.17TCalf + 0.28T|ateral thigh + 0.14Tchest + 0.07Ttricep + 0.07Tforearm + 
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0.14TSubscapuiar + 0.07Thand- Mean weighted heat flow (HF, Wm"2) was calculated as 

follows: 0.06HFfoot + 0.17HFcaif + 0.28HF|ateraithigh + 0.14HFchest + 0.07HFtricep + 

0.07HFforearm + 0.14HFsubscapuiar + 0.07HFhand- Tissue insulation was calculated as 

follows: lT =(Tre-TSk)/HF (42).   Mean body temperature (fb) was calculated as follows: 

pre-CAT, Tb = 0.8Tre + 0.2 fsk, during CAT, Tb = 0.67Tre + 0.33 fsk (108). Temperature 

and heat flow measurements were made continuously using an automated data 

acquisition system. 

Oxygen uptake (V02) was measured using an automated metabolic 

measurement and analysis system (Model 2900, Sensormedics, Yorba Linda, CA) at 

minutes 0 (baseline) and 30 during the water immersion. During CAT, V02 was 

measured at minutes 0 (baseline), 15, 35, 55, 75, 95, and 115. Metabolic heat 

production (M, Wm"2) was estimated from the V02 and respiratory exchange ratio 

(RER) using the following equation (37): M = (0.23[RER] + 0.77) ■ (5.873)(02) ■. (60/AD) 

where AD (30) is body surface area (m2). 

Cumulative body heat debt was defined as the total negative heat storage 

integrated over time and expressed as a positive number. Body heat storage (S, Wm"2) 

was calculated: ±S= -W-L-K-E- (R+C) where M is the metabolic rate, W is work 

rate (0 in this experiment), L is the respiratory heat losses by convection and 

evaporation, E is evaporative heat loss (set at 4.1 Wm   in this experiment), K 

represents conductive heat loss (0 in this experiment) and R+C represents dry heat 

loss, measured by heat flow disks (37,108). 

Blood was drawn from an indwelling venous catheter (antecubital) in the left arm 

before beginning the CAT (min 0) and at minutes 15, 30, 60, 90, and 120 during CAT. 
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Catheter patency was maintained between blood draws by injecting heparinized saline 

into the catheter. Blood samples were analyzed to determine plasma glucose 

concentration using an auto analyzer (Model 2300, Yellow Springs Instrument, Inc.) to 

ensure that subjects maintained euglycemia. Plasma norepinephrine (NE) was 

determined by gas chromatography (118). 

Statistical Analyses. Data were analyzed using a 2-way repeated measures 

analysis of variance. When significant F-ratios were calculated, paired comparisons 

were made post-hoc using Newman-Keuls tests. The slope and threshold of each 

individuals Tb vs. AM relationship was determined by least squares linear regression. 

Paired t-tests were used to determine if differences in slope or intercept data existed 

between EX and R for Tb vs. AM. Data are reported as means + S.E. Significance was 

accepted at p < 0.05. 

RESULTS 

Water Immersion. All subjects completed 60 min of cycling during EX. The 

mean immersion time required during HEAT to match the Tre rise observed during EX 

was 53.4 ± 5.0 min. The mean Tre at the end of the immersion periods were 38.19 ± 

0.14°C and 38.08 ± 0.10°C, during EX and HEAT, respectively (P > 0.05). The average 

V02 (L-min"1) during immersions were 1.97 ± 0.12 and 0.34 ± 0.02, for EX and HEAT, 

respectively (P < 0.05).  For EX, this V02 corresponded to 55.4 ± 2.3% of the measured 

V02 peak-  Final heart rates (beatsmin"1) during immersion were 149.3 ± 6.1 and 102.1 ± 

3.1, for EX and HEAT, respectively (P < 0.05). Weight loss (kg) from sweat was 1.07 ± 

0.15 and 1.06 ± 0.18 during EX and HEAT, respectively (P > 0.05). 
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Rectal temperature (CAT).   During the transition from the immersion pool to the 

cold air chamber, Tre fell during HEAT. Therefore, Tre at min 0 was slightly, but 

significantly higher (0.14°C, P < 0.05) in EX vs. HEAT (Figure 9).  By the 10th min of 

cold air exposure, differences between trials were no longer apparent. However, by the 

40th min of CAT, Tre had fallen lower (P < 0.05) during EX compared to HEAT and the 

difference between trials grew larger as exposure continued to the 120th min. The 

cooling rate (°Ch"1) from min 10 to the end of the exposure was faster (P < 0.05) for EX 

(-0.64 ± 0.07) than HEAT (-0.57 ± 0.04). 

Skin temperature (CAT). The fsk and the Tre-fSk gradient are shown in Figure 10. 

Cold air exposure caused Tsk to decrease until a new steady state value of ~23°C was 

achieved. There was a concomitant increase in the Tre-TSk gradient during CAT. The 

apparent tendency for higher Tsk and lower Tre-fsk in EX, vs. HEAT, during the last 60 

min of the cold exposure did not achieve statistical significance. 

Heat flow (CAT). HF was higher (P < 0.05) during CAT in EX vs. HEAT (Figure 

11). Also lT during CAT was lower ( P < 0.05) in EX compared to HEAT (Figure 11). 

Individual site HF and lT are presented in Figure 12. Calf HF and lT demonstrated a 

significantly (P < 0.05) greater HF and lower lT between EX and HEAT. Hand HF also 

tended (p = 0.06) to be higher in EX. 

Metabolic heat production & heat debt (CAT). Metabolic heat production did not 

differ between EX and HEAT at any time throughout CAT. The final M at min 115 was 

146.6 ± 6.5 and 136.1 ± 3.6 Wm"2 for EX and HEAT, respectively. The relationships 

(slope and intercept) between mean body temperature (Tb) and the corresponding 

increment in metabolic heat production over pre-CAT values (AM, a measure of 
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shivering thermogenesis) did not differ between trials. Slopes (W-m"2oC"1) were -33.8 ± 

3.0 and -32.7 ± 3.4 for EX and HEAT, respectively. Intercepts (°C) were 34.5 ± 0.2 and 

34.3 ± 0.1 for EX and HEAT, respectively. Cumulative heat debt (Wm"2) was not 

different between EX (547.5 ± 47.0) and HEAT (532.9 ± 28.5) after 120 min of 

exposure. 

Plasma glucose, norepinephrine (CAT). Plasma glucose concentrations were 

not affected by CAT in either trial and there were no differences between trials. 

Glucose values averaged between 4-6 mmol-L"1 throughout CAT. Plasma 

norepinephrine concentrations increased from 2.5 nmol-L"1 to 10-15 nmol-L"1 during cold 

air exposure, with no differences between EX and HEAT. 

Heart rate (CAT). HR tended (P = 0.06) to be higher from min 30-75 (~ 10 

beatsmin"1) in EX during CAT compared to HEAT. 

DISCUSSION 

This study determined if exercise pre-disposes people to experience a greater 

decline in core temperature during subsequent cold exposure. An expected response 

to exercise, even in temperate climates, is an increased core temperature (85). 

Therefore, to isolate effects of body heat content and temperature changes from other 

exercise effects (thermoregulatory fatigue, thermoregulatory lag, heat redistribution), 

control experiments were needed in which initial pre-cold exposure core temperature 

values had been passively elevated to the same value as measured post-exercise.  If 

such controls were not employed, the TCore-TSkin gradient would be greater during cold 

exposure after exercise and subsequently heat loss would be facilitated. In addition, the 

absolute core temperatures could not be compared between trials beginning with 
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different initial values.  However, it is experimentally difficult to match both core and skin 

temperature increases during exercise in air to increases induced by passive heating in 

air, especially if the durations of the interventions are also desired to be similar. 

Matching of core and skin temperature changes during rest (passive heating) and 

exercise sessions of similar duration are better accomplished by using water immersion. 

The exercise intensity (55% V02peak) was selected to represent moderately strenuous, 

fatiguing activities. 

The primary finding from this study was that when individuals exercised before 

cold exposure, they cooled faster than when rest preceded cold exposure. However, 

the data are not consistent with our hypothesis that exercise would lead to 

"thermoregulatory fatigue" of the shivering response to cold. We had based that 

hypothesis on our own findings (17) and those reported by others (78,79,105) 

suggesting that shivering can become fatigued. In this study, the shivering response to 

cold was the same whether or not exercise preceded the cold exposure. In contrast, 

mean weighted heat flow measurements were higher and, concomitantly, tissue 

insulation less during cold exposure following exercise. Skin temperatures during cold 

air exposure also tended to be higher (0.2-0.5°C) following exercise. Collectively, these 

observations indicate that, following exercise, greater peripheral heat loss from the skin 

("thermoregulatory lag" and/or "heat redistribution") was responsible for the greater 

cooling rates during cold exposure. 

Several factors might explain why peripheral heat loss during cold exposure was 

greater when preceded by exercise than passive heating. One possibility is that post- 

exercise hyperemia in the leg muscles persists during cold exposure, increasing 
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convective heat transfer from the body's core to the periphery overlying active muscle 

relative to cold exposure preceded by rest ("heat redistribution"). The higher heat flow 

and lower insulation in the calf during cold exposure following exercise, compared to 

passive heating, are consistent with this explanation. Another possibility is that the prior 

exercise blunted the drive for vasoconstriction normally elicited in response to cold 

('thermoregulatory lag"). However, cold-induced vasoconstriction is sympathetically 

mediated, and the norepinephrine response to cold, considered reflective of 

sympathetic nervous activation (32), was the same whether cold exposure was 

preceded by exercise or passive heating. On the other hand, sensitivity of peripheral 

arterioles to NE released in response to cold might be diminished following exercise 

(51). 

Our results contrast those reported by Kenny et al. (58) who found that the 

threshold for vasoconstriction was elevated after exercise. They suggested that 

exercise would result in the retention of heat during subsequent recovery in a cold 

environment (58). However, our subjects exercised for one hour in water while those 

studied by Kenny et al. (58) only completed a short exercise bout (15 min) and thus our 

subjects may have been more fatigued. In addition, Kenny et al. (58) did not control for 

differences in initial core temperature before cold exposure, but we matched initial TCOre 

values before cold exposure between our trials. Finally, our volunteers were subjected 

to a whole body cold air exposure at a constant temperature compared to the water- 

perfused suit that Kenny et al. (58) used. Thus methodological differences probably 

account for discrepant observations in our study and that of Kenny et al. (58). 
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Although we observed a lower TCOre when cold exposure followed exercise as 

well as significantly higher peripheral heat flows and a tendency for higher metabolic 

heat production, compared to cold exposure following passive heating, we found no 

statistical difference in cumulative heat debt, measured by partitional calorimetry. There 

was a tendency for an increased metabolic heat production during cold exposure 

following exercise as compared to exposures following passive heating which probably 

offset the increased heat flow. Therefore, the greater fall in TCOre during cold exposure 

following exercise may reflect a redistribution of body heat content (65,66) from the core 

to the periphery due to a higher peripheral blood flow during and for some time after 

exercise (49). 

The absence of an exercise effect on shivering thermogenesis suggests that this 

response to cold is not easily fatiguable. We observed no difference in the fb vs. AM 

relationship between trials suggesting that the differences in Tre between trials were not 

due to a change in central control of shivering thermogenesis. Perhaps exercise 

intensity and duration were not sufficient to fatigue the shivering mechanism, which is a 

relatively low intensity activity (116), at least compared to exercise. In Pugh's case 

report of the Four Inn's Walk (79), the participants were exercising up to 20-h in cold- 

wet conditions. Likewise, the subject in Thompson and Hayward's study (105) who 

developed shivering fatigue was exercising for4-h in severe cold-wet conditions. 

Another possibility is that shivering impairments observed in these earlier studies may 

not reflect fatigue, but rather hypoglycemia, which is known to impair shivering (38,74). 

Plasma glucose levels were not measured in those previous studies (79,105).  In our 

study, plasma glucose concentrations remained normal throughout cold exposure. 
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A possible limitation to extrapolating our results to non-immersed exercise relates 

to the potential effects of immersion, especially immersion associated alterations in 

hormonal responses to exercise compared to exercise in air. However, during cycle 

exercise at ~ 60% V02peak, performed in water to the neck, there were was no difference 

in catecholamine responses compared to cycling in air at the same intensity (22). 

Another study (89) also demonstrated that plasma osmolality, which is known to affect 

central temperature regulation (93), was not different during exercise at 60% V02peak in 

water and air. In fact, hormonal responses to exercise have been found not to differ 

between air and immersion (89) with the exception that plasma renin activity was lower 

and plasma atrial natriuretic peptide (ANP) higher during water exercise vs. air exercise 

at 60% V02peak. However, there is no known influence of renin and ANP on 

hypothalamic neurons regulating thermoregulatory responses to cold. Studies 

comparing thermoregulatory responses to cold subsequent to exercise in air are 

warranted to confirm our findings. However, it seems reasonable to conclude that our 

data indicate that, after exercise, the ability to maintain thermal balance in the cold may 

be compromised. 

This study was the first to examine the possibility that acute exercise performed 

before whole body cold air exposure impairs the ability to maintain thermal balance, as 

others have speculated. Our findings demonstrated that exercise before cold air 

exposure may lead to a greater fall in core temperature due to reduced insulation and 

increased heat loss and a redistribution of heat from the core to the periphery. The data 

also suggest that an exercise-related factor ("heat redistribution") led to the greater fall 

in core temperature and not the rise in core temperature that accompanies exercise. 
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These findings may also have potential implications for people who exercise hard and 

then are exposed to cold stress, or people who exercise hard outdoors in the cold and 

then stop, but do not return indoors immediately. 

IMMUNE RESPONES 

INTRODUCTION 

Both anecdotal (19,50) and experimental reports (6,62) have suggested that cold 

exposure may increase an organism's susceptibility to infection (91). Cold-induced 

decrements in immunosurveillance can be a particular problem for winter athletes or for 

military personnel who must pursue physical activities in cold environments. Upper 

respiratory tract infections appear to be the main cause of illness and reasons for 

missed practice in elite cross-country skiers (7). Studies of sustained military 

operations in the Canadian Arctic, also, have reported an increased incidence and 

severity of upper respiratory tract infections during patrols involving high levels of 

energy expenditure and exposure to cold conditions both day and night (83,96). As the 

effective accomplishment of both athletic endeavors and military operations depends on 

a high level of human performance, maintenance of health is essential in situations 

where athletes or troops are exposed to adverse environmental conditions. 

It remains unclear whether human viral susceptibility during and following cold 

exposure is attributable to a cold-induced change in the function of the immune cells or 

to other incidental consequences of the cold environment such as drying of the mucosal 

surface, a slowing of tracheal ciliae (41) or a deterioration of the normal barrier function 
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of the skin (44). Animal studies have demonstrated that cold exposure induces 

changes in both cellular and humoral aspects of immune function (91), including a 

reduction in NK cell count and cytolytic activity (1,112), a decrease in lymphocyte 

proliferation (43,92) and (after several days of cold exposure) an enhanced production 

of pro-inflammatory cytokines (54). However, in many of these studies, the animals 

were subjected to prolonged periods of cold exposure or were placed in environments 

to which they were unaccustomed (for example, cold water immersion). This would 

have placed additional stress on the animals studied and the psychological stress rather 

than the cold exposure may have influenced their immune status. Moreover, the results 

obtained in animal studies are difficult to apply to humans due to inter-species 

differences. 

To date, there has been minimal research examining how cold exposure affects 

immune function in humans and no one has examined how any changes may be 

modulated by prior passive heating or moderate exercise (with or without a thermal 

clamp - a procedure which maintains a constant core body temperature). It is known 

that passive heating and exercise each recruit leukocytes (granulocytes, lymphocytes 

and lymphocyte subsets) into the circulation and enhance NK cell function (10). 

Immersion of healthy young men in cold (14°C) water induces a leukocytosis (53). 

Furthermore, a brief bout (30 min) of cold (4°C) air exposure increases NK cell activity 

(60). We thus hypothesized that exposure to cold air (5°C) for 2 h would have 

immunostimulating effects and that pre-treatment with exercise or passive heating 

would have algebraically additive effects on this response. 

METHODS 

Subjects. The subjects were seven healthy, moderately fit males aged 20 - 34 yr 

[mean (SE) = 24.0 (1.9) yr] recruited from a pool of military personnel in accord with a 

52 



protocol approved by the Human Experimentation Committee at the US Army Research 

Institute of Environmental Medicine. Written informed consent was obtained prior to 

participation in the study. Exclusionary criteria included acute infection, and a history of 

allergic conditions, prior cold injury, Raynaud's syndrome, cardiovascular disease, 

respiratory disease or diabetes mellitus. Subjects were asked to refrain from 

consumption of alcohol, smoking, taking medication, and exercising 12 hours prior to any 

testing session. Subjects were of average male height [1.76 (0.02) m], body mass [79.4 

(4.7) kg], percent body fat [14.6 (1.6) %] and aerobic power [45.7 (2.0) ml_kg~1-min"1j. 

Experimental Design. Each subject visited the laboratory on 5 occasions. At 

entry, anthropometric measurements (height, body mass and determination of percent 

body fat using dual energy x-ray absorbitometry ["DEXA"- Model DPX-L, Lunar Corp., 

Madison, Wl]) were made and peak oxygen consumption (vo2peak) was determined 

using a progressive cycle ergometer test. The cycle ergometer protocol consisted of a 

warm-up (70 W for 2 min) followed by a 35 W increase in exercise intensity every 2 min 

until volitional exhaustion. 

Subjects then completed four separate trials with different pre-treatments 

followed by a standardized cold air exposure. The pre-treatments took place in a water 

bath, whereby subjects (submerged to the shoulder) either remained seated or 

performed semi-recumbent exercise, pedaling (38-45 rpm) on a modified Monark cycle 

ergometer (88). A weighted waist belt allowed subjects to maintain their position 

underwater. 

In the control condition, each subject sat at rest in approximately thermoneutral 

conditions (a 35°C water bath) for 60 min. During passive heating, each subject sat in a 

warm (38°C) water bath until their rise in core temperature matched that which had 

occurred during exercise in 35°C water (times ranging from 38 to 70.5 min, with an 

average of 59.8 min). During one pre-treatment involving exercise, subjects performed 

cycle ergometer exercise for 60 min at an average of 55 % of their V02peak while 
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immersed in cold water (18°C); this maintained core body temperature constant (the 

"thermal clamp" condition).   For the pre-treatment involving exercise without a thermal 

clamp, each subject performed cycle ergometer exercise for 60 min at an average of 55 

% of their personal V02peak while immersed in water at 35°C. Immediately following 

each pre-treatment, the subjects were dried and dressed in dry cotton shorts and cotton 

socks (0.3 do). Within 20 min, subjects were then transferred to a cold climatic 

chamber and exposed to cold air (5°C, 40 % relative humidity, windspeed of 0.7 msec" 

1) for 120 min. Subjects were assigned to each pre-treatment according to the following 

order (exercise in 35°C water; sitting in warm water; exercise in cold water; sitting in 

thermoneutral water). This was done in order to match the rise in core temperature 

between the exercise trial (exercise in 35°C water) and the resting trial (sitting in warm 

water).   Each experiment took place at the same time of day; individual experiments 

being separated by one-week intervals. 

Physiological Measurements. Heart rate (ECG, CM-5 configuration) and rectal 

temperature (rectal thermistor inserted 0.1 m past the anal sphincter) were measured 

continuously during both water immersion and cold exposure. To avoid subject 

discomfort and resultant mouthpiece leakage, oxygen uptake was measured 

intermittently (after 15-20 min of immersion and at regular intervals during cold 

exposure), using an on-line metabolic analysis system (SensorMedics, Model 2900, 

Yorba Linda, CA). 

Blood Sampling. Venous blood samples were collected from an indwelling 

venous catheter (Deseret Medical, Sandy, USA) that had been inserted into the medial 

antecubital vein of the left arm 30 min prior to each pre-treatment.  Patency of the 

catheter was maintained between sampling by means of a 1.0 ml_ heparin-saline lock 

(100 unitsmL"1).  Blood samples of 18 ml_ volume were taken prior to (pre) and at the 

end of exercise (post) and 23 ml_ samples were taken prior to (0 min), during (60 min) 

and at the end of cold exposure (120 min). The first 1.0 ml_ of each blood sample was 

54 



discarded. Hemoglobin and complete blood counts were checked at the beginning of 

each experiment. All values proved normal, but the study design provided for more 

detailed hematological evaluation and a delaying of further experiments if a 

hematological deficit had persisted as a result of blood sampling during a prior 

treatment. 

At the specified times, aliquots of blood were drawn into vacutainers (Becton- 

Dickinson, Oakville, Ont., Canada). Complete blood counts (CBC) were determined on 

tripotassium ethylenediamine tetra-acetate (K3EDTA)-treated specimens of whole blood 

using a Cell Dyn Hematology System (Cell Dyn 3500, Abbott Laboratories, Abbott Park, 

IL, USA). Heparinized whole blood (143 USP units sodium heparin) was used for the 

cytolytic functional assay. A separate vacutainer containing K3EDTA-treated blood 

provided plasma samples for cytokine and cortisol analyses.   Aliquots of blood for 

catecholamine analyses were drawn into 4.5-mL vacutainers containing K3EDTA and 

reduced glutathione (Amersham, Arlington Heights, IL, USA). Catecholamine and 

cortisol samples were obtained only during the cold exposure component of the 

experiment. The method of Dill and Costill (27) was used to make appropriate 

adjustments of white cell counts, cytokine and hormonal concentrations for changes in 

blood and plasma volumes relative to their respective baseline values. 

Immunophenotyping. Immunophenotyping was performed using 100 uL samples 

of KßEDTA-treated whole blood. Samples were first washed with 2 mL of phosphate 

buffered saline containing 0.1% sodium azide (0.1% NaN3-PBS). The cell pellet was 

then stained with 10 uL of the selected monoclonal antibodies (mAb, Becton-Dickinson) 

conjugated with fluorescein isothiocyanate (FITC), phycoerythrin (PE) or peridinin 

chlorophyll protein (per CP) in the following staining combinations: anti-CD3 mAb 

(FITC)/ anti-CD19 mAb (PE), anti-CD4 mAb (FITC)/anti-CD8 mAb (PE), anti-CD4 mAb 

(FITC)/ anti-CD8 mAb (PE)/ anti-CD 3 (per CP) and anti-CD3 mAb (FITC)/ anti-CD16,56 

mAb (PE) (Becton Dickinson, Mississauga, Ont., Canada).   After 30 min of incubation 
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on ice in the dark, 2 ml_ of 10% FACS lysing solution (Becton Dickinson, Mississauga, 

Ont, Canada) was added and the tubes were vortexed. The tubes were then kept in 

the dark at room temperature (23°C) for a further 10 min to lyse the red cells. Non- 

lysed cells were separated by centrifuging at 300 g for 5 min at 4 °C. Tubes were then 

washed twice with 2 ml_ of a cold 0.1 % NaN3-PBS solution and were centrifuged for a 

further 5 min at 4°C and 300 g after each wash. The resultant pellet was re-suspended 

in 0.3 ml_ of cold 0.1 % NaN3-PBS with 3 % formaldehyde, vortexed and later analyzed 

by flow cytometer. 

A FACS flow cytometer (Becton-Dickinson Immunosystems, Mountainview, CA, 

USA) was used to examine the mAb-stained cell suspensions. Firstly, the flow 

cytometer was calibrated with a mixture of mono-sized FITC- and PE-conjugated and 

unconjugated latex particles (-6.0 urn Calibrite beads, Becton Dickinson) using 

FACScomp software (Becton-Dickinson Immunocytometry Systems). An isotype 

negative control was used to optimized the setting of the fluorescence detectors for 

each subject. Fluorescence compensation was adjusted using a dual stained anti-CD4 

mAb (FITC)/anti-CD8 mAb (PE) sample. Gate settings for the lymphocyte population 

and boundaries for fluorescence intensity were determined by non-specific staining, 

using control tubes containing whole blood and mouse immunoglobulins lgG2a mAb 

(FITC) and IgGi mAb (PE). The absolute count for a given lymphocyte subset was 

estimated by multiplying the observed percentage for that subset by the total number of 

lymphocytes in the peripheral blood, the latter value being adjusted for changes in blood 

volume. 

Determination ofNK Cell Activity.   A 51 Cr release assay assessed the total 

cytolytic activity of isolated PBMC. Peripheral blood mononuclear cells (PBMC) were 

first isolated by Ficoll-Hypaque centrifugation.  10 mL of heparinized venous blood was 

diluted with an equal volume of Dulbecco's phosphate-buffered saline (PBS) (Sigma 
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Chemical Co., St. Louis, MO, USA). For each blood sample, three 15 mL centrifuge 

tubes were used to layer 7 mL of diluted blood carefully over 5 mL of Ficoll-Paque 

(Pharmacia Biotech, Uppsala, Sweden). The suspension was then centrifuged for 30 

min at 20°C and 450 g. The mononuclear layer was removed and washed twice, firstly 

with PBS and then with RPMI-1640 culture medium containing L-glutamine (Gibco, 

Burlington, Ont., Canada). The cell suspension was centrifuged for 10 min at 10°C and 

275 g after each wash. The washed peripheral blood mononuclear cells were re- 

suspended in 1 mL of RPMI-1640, supplemented with 10 % fetal calf serum (Gibco) (10 

% FCS RPMI-1640). The total PBMC count was determined by means of an electronic 

cell counter (Coulter Counter Model ZM, Luton, Beds, England) and was then adjusted 

to 2 x 106 cellsmL"1, using 10% FCS as the diluent. 

A human erythroleukemic cell line (K562: American Type Culture Collection, 

Rockville, Md. USA), maintained in suspension in our laboratory, was used for the 51Cr- 

release assay. One million K562 cells, maintained in 10 % FCS RPMI-1640 medium 

(Gibco) were labeled by mixing with 100 uL (3.7 MBq) of sodium chromate-51 (51Cr) 

(New England Nuclear, Boston, MA, USA) for 60 min at 37°C and 4% CO2. The 

radiolabeled cells were washed 3 times with 4 mL of cold 10% FCS RPMI-1640 medium 

and were then diluted with 10 mL of medium to achieve a final concentration of 1 x 105 

cellsmL-'!. The labeled cells were kept on ice until the assay was performed. 

Triplicates of 100 uL of PBMC at concentrations of 2 x 106, 1 x 106, and 0.5 x 

106 cellsmL"'1 were mixed with a 100 uL suspension of radiolabeled (51Cr) target cells 

at 1 x 105 cellsmL"1 and were then centrifuged (1 min at 37 °C and 160 g) in a 96-well 

round bottom microtiter plate (Sarstedt, St. Leonard, Quebec, Canada). After 
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incubation for 4 h at 37 °C, 4% CO2, the cell mixture was centrifuged for a further 5 min 

at 4 °C and 225 g. One hundred microliters of supernatant were then withdrawn and 

transferred to polystyrene, round bottom tubes (12 x 75 mm) (Falcon, Lincoln Park, NJ, 

USA). The radioactivity of the supernatant was determined by a Cobra Automated 

Gamma Counter (Model 5002, Packard Instruments, Downers Grove, Illinois, USA). 

Spontaneous release of51 Cr was assessed by incubating 100 uL of medium with 100 

uL of target cells. The maximum potential release of radioactive material was 

determined by incubating 100 uL of 1 % Triton X-100 (a biodegradable non-ionic 

surfactant) (Sigma, St. Louis, MO, USA) with 100 uL of target cells. The percentage of 

51 Cr release (cytolytic activity) was calculated using the formula: percentage lysis = 

[(test - spontaneous) cpm/(maximum - spontaneous) cpm] x 100 %. The exponential 

curve fitting method of Pross et al. (77) was used to determine lytic units from the 

values obtained for percent lysis at three different effector-target ratios (20:1, 10:1 and 

5:1). The lytic unit was defined as the number of effector cells required to lyse 20% of 

10,000 target cells. Results were expressed as the number of lytic units contained in 1 

x 106 PBMC (LU-106 PBMC"1) (77). Lytic units were also calculated on a per NK cell 

basis, using the formula: single cell cytolytic activity = lytic units/[% NK cells x (106 

PBMC - monocytes)]. 

Biochemical analysis. K3-EDTA and EGTA/reduced glutathione-treated 

vacutainers were mixed by gentle inversion, placed in an ice water bath for no more than 

30 min, and then were centrifuged for 15 min at 4°C and 2250 g. The plasma samples 

were separated from the packed red cells, transferred to Eppendorf tubes and 

immediately frozen and stored at -70°C. Plasma concentrations of interleukin-6 (IL-6) 
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were determined using an enzyme immunoassay kit (R&D Systems, Minneapolis, 

Minnesota, USA).   Total plasma concentrations of cortisol were determined by 

radioimmunoassay, using standard commercially available kits (Diagnostic Products, Los 

Angeles, CA).   Plasma catecholamine concentrations were measured using a gas 

chromatography-mass spectrometry (GC-MS) system (118); values are reported as 

unbound norepinephrine (NE) and epinephrine (E) concentrations. 

Statistical Analysis. Results are expressed throughout as means ± S.E. The 

statistical significance of changes in physiological, immunological, and hormonal 

parameters was analyzed using one- and two-way (trial by time) repeated measures 

analyses of variance.   Comparison between the control condition and 38°C water 

immersion provided information on the effects of heat and subsequent response to cold 

exposure. Comparisons between the control condition versus exercise in cold water and 

passive heating versus exercise in 35°C water provided information on the effects of 

exercise and subsequent response to cold exposure. Lastly, comparisons between 

exercise pre-treatments allowed for the analysis of the influence of an exercise-induced 

rise in core temperature. Specific post-hoc contrasts were used to explore significant 

main effects and interactions. Bonferroni adjustments were made for multiple 

comparisons, a probability (P) value of < 0.001 being accepted as statistically significant. 

From the data obtained during cold exposure, correlations between cell counts, 

heart rate, rectal temperature and hormone levels were determined using forward, 

stepwise multiple regression analysis.  Each cell type was analyzed as the dependent 

variable with the other variables (heart rate, rectal temperature and hormonal levels) set 

as independent variables.  In a separate analysis, IL-6 was analyzed as the dependent 
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variable with 4 independent variables (rectal temperature, cortisol, nor-epinephrine and 

epinephrine). The forwards stepwise multiple regression analysis sequentially determines 

non-significant variables which should be excluded in a predictive equation. Variables are 

progressively eliminated from the analysis and a reduced equation is recalculated using 

the remaining variables (95). These analyses were completed in order to gain an 

understanding of the mechanisms that may be involved in some of the changes observed. 

For each regression analysis, a probability (P) value of < 0.05 was accepted as 

statistically significant for individual terms in the equation. All statistical calculations were 

performed using StatView™ and SuperANOVA™ microcomputer software packages 

(Abacus Concepts Inc., Berkeley, CA). 

RESULTS 

Physiological responses. A slight, although statistically significant, 0.3°C reduction 

in rectal temperature occurred when subjects sat in water at 35°C (Figure 13). In 

contrast, rectal temperatures were significantly increased 0.7°C within 45 min of passive 

heating. Rectal temperatures were also significantly increased 0.6 °C within 30 min of 

exercise in 35°C water and were not significantly altered when subjects exercised in 18°C 

water (hereafter described as exercise with a thermal clamp). For each of the pre- 

treatment exercise conditions, subjects exercised on a modified underwater cycle 

ergometer at an average of 55 % of their personal V02peak. 

Prior to entry into the cold chamber, rectal temperatures returned to pre-treatment 

baseline levels following control condition (sitting in 35°C water) as well as following 

exercise with a thermal clamp.  Rectal temperature was some 1°C higher following the 
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pre-treatments of passive heating or exercise in 35°C water (Figure 13). Following pre- 

treatment with exercise with a thermal clamp, rectal temperatures were significantly 

reduced within 15 min of cold air exposure. Seventy-five minutes of cold air exposure 

significantly reduced rectal temperatures not only in the control condition but also when 

subjects had been pre-treated by exercise in water at 35°C.   After 1 h and 45 min of cold 

exposure, rectal temperatures were significantly reduced irrespective of the pre-treatment 

protocol. Rectal temperature reached its lowest value when subjects had exercised with 

a thermal clamp prior to the cold air exposure. 

Heart rates rose during passive heating [pre = 76 (2) beats-min-"1; post = 100 (4) 

beatsmin-"1] and were significantly elevated in response to exercise with and without a 

thermal clamp [exercise in water at 18 °C: pre = 77 (5) beatsmin-^ vs post =123 (5) 

beatsmin-1 and exercise in water at 35 °C: pre = 84 (3) beatsmin-'1 vs post = 150 (6) 

beatsmin""!]. Heart rates returned to baseline values immediately prior to cold exposure, 

irrespective of pre-treatment. 

Total leukocytes and differentials. Prior to each treatment, the average leukocyte 

count (Figure 14) was within the expected normal range of 4.5 - 11.0 x 109 cells-L-1 (38). 

Cell counts were not significantly altered when the subjects remained seated in the 35°C 

and 38°C water baths.  In contrast, exercise with or without a thermal clamp induced a 

significant rise in leukocyte, granulocyte and lymphocyte counts. 

At entry into the cold chamber, total leukocyte counts were significantly higher 

when subjects had previously exercised with a thermal clamp. After 1 hour of cold 

exposure, total white cell counts had increased significantly in all four pre-treatment 
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conditions and values remained elevated at 2 h of cold exposure. Significantly more 

leukocytes were recruited into the circulation after 1 h of cold exposure, if the pre- 

treatment was exercise with a thermal clamp rather than the control condition. 

Granulocyte counts followed a similar pattern of response to the total leukocyte 

counts, increasing significantly within 1 h of cold air exposure (Figure 14). Compared to 

the control condition, a significantly greater number of granulocytes were recruited into 

the peripheral circulation when subjects had previously exercised with a thermal clamp for 

1 h.   Similarly, when compared to the passive heating pre-treatment condition, 

granulocyte counts tended to be higher if subjects had previously exercised in 35°C 

water, but this was not statistically significant. 

Lymphocyte counts were significantly increased by cold air exposure if this was 

preceded by the control pre-treatment. Lymphocyte counts also tended to be elevated in 

response to cold exposure in the other three pre-treatment conditions, but the changes 

were no longer statistically significant. After pre-treatment with exercise (with or without a 

thermal clamp), lymphocyte counts reached peak levels within 1 h of cold air exposure. 

Monocyte counts were not significantly altered by any of the pre-treatment 

conditions. Within 1 h of cold air exposure, the monocyte count was significantly 

increased when subjects had previously sat for 1 h in a warm water bath.  Recruitment of 

monocytes during cold exposure was also significantly greater with pre-treatment by 

exercise with a thermal clamp than with the control pre-treatment. 

Forwards stepwise multiple regression analyses were performed in order to gain 

an understanding of the possible mechanisms contributing to the cellular changes 

observed during cold exposure. The variables initially included in the model were heart 
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rate, rectal temperature, cortisol, norepinephrine and epinephrine; the analyses indicated 

that both leukocyte and granulocyte counts were most closely related to heart rate and 

norepinephrine concentrations (Table 2). Lymphocyte counts were most closely related 

to norepinephrine. With the exception of monocytes, rectal temperature had no influence 

on circulating leukocyte subsets. 

Lymphocyte subsets. None of the four pre-treatments had any effect on the 

circulating pan T (CD3+), T-helper (CD4+) and B (CD19+) cell counts (data not shown). 

In contrast, exercise with and without a thermal clamp recruited significant numbers of 

cytotoxic/suppressor T-cells (CD8+) [exercise in water at 18°C: pre = 0.475 cells-109-L-'1 

(0.062) cells-109L-1 vs post = 0.711 (0.038) cells-109-l_-1 and exercise in water at 35°C: 

pre = 0.460 (0.070) cells-109-l_-1 vs post = 0.765 (0.082) cells-109-l_-1] and NK-cells 

(CD3-/CD16+56+) into the circulation (Figure 15). 

Following the control pre-treatment, 2 h of cold exposure significantly increased 

levels of circulating T (CD3+) and B (CD19+) cells [pre-cold exposure CD3+ cell counts, 

time 0 = 1.18 (0.10) cells-109-l_-'1 blood vs post cold exposure CD 3+ cell counts, time 

120 min = 1.36 (0.08) cells-109-L"1; pre-cold exposure CD19+ cell counts, time 0 = 0.17 

(0.03) cells-109L"1 vs post cold exposure CD 19+ cell counts, time 120 min = 0.22 

(0.03) cells-109-L"1].  NK (CD37CD16+56+) cell counts increased significantly in 

response to cold exposure following both the control pre-treatment and exercise in 35°C 

water. Pre-treatment with either passive heating or exercise with a thermal clamp 

resulted in slightly higher baseline NK cell counts; when cold exposure followed either of 
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Table 2. Multiple regression analysis for prediction of leukocyte subset and 

lymphocyte counts by heart rate, rectal temperature and hormone concentrations. 

Var'able R2 Heart Rectal Cortisol Nor- Epinephrine 

Rate Temperature Epinephrine 

Total leukocytes 0.446 0.0018 ns ns 0.0012 

Granulocytes 0.397 0.0042 ns ns 0.0078 

Monocytes 0.161 ns 0.0372 

CD3-,CD16+56+ °-192 ns ns ns ns 

Values are shown in terms of individual probability. NS, not significant 

ns 

ns 

ns ns ns 

Lymphocytes 0.273 ns ns ns 0.0005 ns 

CD3+ 0.201 ns 0.0348 ns 0.0057 ns 

CD4+ 0.015 ns ns ns ns ns 

CD8+ 0.216 ns ns ns 0.0071 ns 

CD19+ 0-423 0.0483 ns ns O.0001 0.0139 

ns 
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these two conditions, NK cell counts again tended to increase, but the change no longer 

reached statistical significance. 

Stepwise multiple regression analyses explained from 2 to 42 percent of total 

variance, depending on which lymphocyte subset was examined (Table 2). With the 

exception of CD3+ cells, rectal temperature had no influence on circulating lymphocyte 

subsets. Epinephrine was an important determinant of CD19+ cells, but norepinephrine 

accounted for much of the variance in CD3+, CD8+ and CD19+ cell counts. None of the 

variables examined could significantly account for changes in NK cell counts. 

NK cell activity. Total NK cell activity measured in lytic units (Lytic Units-10^ 

PBMC"^) increased significantly in response to exercise with and without a thermal 

clamp. Passive heating and sitting in 35°C water did not significantly alter total NK cell 

activity. Pre-treatment with the control condition as well as with exercise with a thermal 

clamp resulted in significantly higher levels of total NK cell activity when subjects entered 

the cold chamber. 

Total NK cell activity increased significantly within 60 min of cold exposure for the 

control pre-treatment and in response to prior exercise without a thermal clamp. 

Passive heating followed by 2 h of cold exposure also induced a significant rise in total 

NK cell activity. Cold exposure following exercise with a thermal clamp tended to 

increase total NK cell activity, although levels did not reach statistical significance. A 

stepwise regression analysis (which began by correlating NK cell number, rectal 

temperature, cortisol, epinephrine and norepinephrine with NK cell activity) indicated that 

NK cell activity was most closely related to changes in circulating NK cell counts (multiple 

R2 = 0.337, p< 0.0001). 
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When total NK cell activity was adjusted on a per cell basis relative to NK cell 

counts, lytic activity per cell was significantly increased in response to exercise with a 

thermal clamp and remained elevated at entry into the climatic chamber. However, there 

were no longer any significant differences between pre-treatment conditions in response 

to cold exposure. 

Plasma hormone levels. The responses of the different stress hormones (free nor- 

epinephrine, free epinephrine and cortisol) to the various treatments are presented in 

Figure 16. Cold exposure preceded by either the control pre-treatment or passive heating 

induced a significant rise in plasma nor-epinephrine concentration within 60 min (Figure 

16).   When subjects exercised with a thermal clamp prior to cold exposure, plasma nor- 

epinephrine levels increased significantly only after 120 min. A similar pattern of 

response occurred when subjects exercised in 35°C water before entering the cold 

chamber; however, in part because of greater variability in the data, the response was no 

longer statistically significant. Cold exposure following the control pre-treatment did not 

significantly alter levels of circulating epinephrine. When preceded by passive heating, 

plasma epinephrine concentration was significantly higher after two hours of cold 

exposure. 

With the exception of the condition involving pre-treatment with passive heating, 

cold exposure had no significant effect on plasma cortisol levels.  For this condition only, 

1 h of cold exposure led to significant reductions in plasma cortisol levels. 

IL-6 levels.  Passive heating and exercise with a thermal clamp did not 

significantly alter plasma levels of IL-6 (Figure 17). However, exercise without a thermal 

clamp induced a significant elevation in IL-6.  Prior to entry into the cold chamber, levels 
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of IL-6 were significantly higher compared to baseline in each of the exercise pre- 

treatments. 

In the control condition, one hour of cold exposure induced a significant rise in 

plasma IL-6 concentration. When cold exposure was preceded by either passive heating 

or exercise with a thermal clamp, plasma IL-6 levels were significantly elevated after 2 h. 

Prior exercise without a thermal clamp also tended to induce an elevation in response to 

cold exposure, but these results did not reach levels of significance. A stepwise multiple 

regression analysis began by correlating IL-6 with rectal temperature, cortisol, nor- 

epinephrine and epinephrine concentrations. Two variables (cortisol and norepinephrine) 

were retained in the equation with a multiple R2 of 0.191, p = 0.0015 for the equation as a 

whole. 

DISCUSSION 

The present study examined the impact of cold exposure on selected aspects of 

immune function, together with the possible modulating effects of prior passive heating 

and moderate exercise (with or without a thermal clamp). During cold exposure, the body 

attempts to maintain a normal body temperature by increasing heat production and 

minimizing heat loss (81). This is accomplished through involuntary tonic muscular 

activity, rhythmic muscular activity (shivering), peripheral vasoconstriction and the 

suppression of sweat secretion. Although primarily thermoregulatory, these mechanisms 

can also induce metabolic and hormonal changes which in turn alter immune status. 

Anecdotal and experimental reports have suggested that cold exposure may be 

associated with an increased risk of infection (91). Laboratory animal research involving 
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prolonged cold exposure or cold water immersion, demonstrated a reduction in the 

function of certain immune parameters (i.e., lymphocyte proliferation; NK cell activity) 

(1,43,92,112). Such extreme physiologic conditions do not represent the typical 

conditions which humans may encounter during normal daily athletic activities or military 

operations. Therefore, this study was designed to examine the acute effects of a brief 

cold exposure. The parameters evaluated were those components of the immune system 

which we hypothesized would be most responsive to such a challenge. NK cell activity 

was included since NK cells represent one of the first lines of defense against virally 

infected cells, tumor cells and certain micro-organisms. Our findings that the selected 

aspects of immune function measured in this study were not adversely affected by a 

moderate exposure to cold air is reassuring. Indeed, we have demonstrated that 

exposing subjects to a cold environmental chamber (5°C) for 2 hours can be 

immunoenhancing and that moderate exercise (with a thermal clamp) can further 

augment the response of certain parameters to subsequent cold exposure. 

Effects of passive heating and moderate exercise (with and without a thermal clamp) 

Cellular Responses.  In confirmation of our previous work (87), we did not observe 

any increase in either total or differential leukocyte cell counts when our subjects were 

passively heated.  Passive heating increased core body temperature by only 1°C and a 

greater rise in body temperature (at least 2°C) seems necessary to induce significant 

changes in circulating cell counts. Both Kappel et al.,(56) and Downing et al. (28) 

immersed their subjects in a hot water bath (39.5-40°C) for at least 2 h in order to raise 
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core temperature (2.0 - 2.5°C); significant increases in total and differential leukocyte 

counts were then observed. 

Our observation that total leukocyte, granulocyte and lymphocyte counts rise in 

response to underwater cycle ergometer exercise is consistent with the findings reported 

by other investigators in our laboratory (23,82). Similarly, thermal clamping attenuated 

this leukocyte and granulocyte response. A combination of a relatively small sample size, 

inter-subject variability, a moderate exercise intensity (55% V02peak) and a mild 1°C rise 

in rectal temperature may explain why we did not observe any differences in lymphocyte 

and monocyte responses between the different exercise conditions. Increases in cardiac 

output (via shear stress) and/or changes in levels of circulating hormones (leading to 

alterations in adhesion molecules and recruitment of cells from reservoirs) account for the 

exercise-induced changes in cell counts (67). Thermal clamping by cold water immersion 

not only attenuates the hormonal responses, but also blocks the additional increase in 

cardiac output that would otherwise have been induced by cutaneous dilatation. Thus, 

we had expected that the leukocyte response to exercise would be attenuated by the 

thermal clamp. 

In the present study, none of the four water pre-treatments significantly altered 

CD3+, CD4+ or CD19+ cell counts during subsequent exercise. In contrast, NK cells and 

cytotoxic T- lymphocytes (CD8+) and were significantly increased in response to exercise 

(with or without a thermal clamp).   Cytotoxic cells (primarily NK cells) have the greatest 

number of ß2 adrenergic receptors (59,63) and tend to be more responsive to the release 

of catecholamines than other lymphocyte subsets (40).  In general, the rise in circulating 

NK cell count was adequate to explain the parallel rise in NK cell activity observed in 
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response to exercise. However, NK cell activity per cell was significantly increased in 

response to exercise in cold water, indicating that other humoral factors may have 

contributed to the enhanced activity observed in this condition. 

IL-6 response. Of the various pro-inflammatory cytokines (IL-1, TNF and IL-6) we 

chose to analyze plasma IL-6. IL-6 is one of the few cytokines that is consistently 

responsive to exercise. The response of other pro-inflammatory cytokines is less 

consistent and indeed these cytokines are difficult to detect in plasma by currently 

available techniques. The finding that plasma IL-6 concentration was significantly 

increased in response to exercise without a thermal clamp is consistent with other studies 

of prolonged and strenuous exercise (3,29,39,70). 

Immune changes during cold exposure: effects of prior heating and exercise 

Cellular responses. In accord with the results of both animal (101) and human (53) 

studies, acute cold stress increased circulating leukocyte and neutrophil counts. Jansky 

et al. (53) reported increases in both red cell and leukocyte counts when their subjects 

were initially immersed in cold (14°C) water for 1 h. However, this response seems only 

transient, as chronic cold-water immersion (3 times a week for 6 weeks), did not alter the 

resting leukocyte or granulocyte counts. The cold-induced leukocytosis was significantly 

augmented by prior exercise with a thermal clamp.  Perhaps this is because increased 

leukocyte counts tend to persist following exercise, giving an additive cellular response to 

cold plus prior exercise. 

When preceded by the control condition, cold exposure significantly increased 

levels of circulating T- (CD3+) and B- (CD19+) cells. This cellular response was no 
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longer significant in the face of pre-treatment with passive heating or exercise (with or 

without a thermal clamp). These results may partly be explained by the increase in 

subject variability that occurred in response to pre-treatment. However, a 

lymphocytopenia has also been reported following exercise (75), and this may have 

attenuated the rise in T- and B- cells that would otherwise have occurred in the cold. 

Without assessment of the proliferative response of these cell subtypes to mitogens, the 

biological significance of such minor changes remains questionable. 

T-helper (CD4+) and T-cytotoxic/suppressor (CD8+) cell counts were not 

significantly altered by 2 h of cold exposure (5 °C).   Similarly, 1 h of cold (14 °C) water 

immersion did not significantly alter circulating concentrations of these cells (53).  In 

contrast, Hennig and associates (46) reported a decrease in peripheral CD4+ counts 

when body temperature was reduced (0.25 °C) by cold exposure (5 °C for 20 min) as well 

as by administration of a 5HT.1A agonist.  For the group receiving the 5HT.1A agonist, 

Cortisol was demonstrated to be the mediator of changes in CD4+ cells.  However, for the 

group exposed to cold air, the reduction of CD4+ cells showed no relationship to changes 

in cortisol concentration. The discrepant results may be due to the timing of samples. 

Since our first data were collected 1 h after cold exposure, there could have been an 

undetected reduction in cell counts during the first 20 min of cold exposure, associated 

with an early "stress" response, with a return to baseline levels after 1 h of cold exposure. 

Nevertheless, this is not very likely, since the "stress" of cold exposure tends to be 

cumulative, and related to the fall in core temperature. 

Animal studies have demonstrated either a decrease (1,54,112) or no change (92) 

in NK cell number and activity in response to cold exposure.  In these studies, mice 
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and/or rats were subjected to repeated bouts (2 - 5 min) of very cold (4°C) water stress 

over several days (4 - 5 days) (1,54,92) as well as to prolonged cold-air exposure (4°C) 

for up to 16 days (112).   Such conditions can be stressful for the animal. It remains 

unclear how much of this response is attributable to a generalized "stress" response 

rather than cold exposure, and how far reactions are affected by acclimatization to cold. 

Most of these studies have postulated that a "stress" - induced release of corticosteroids 

accounts for the reduction in NK cell number and activity that occurs with cold exposure. 

In contrast, studies involving human subjects have demonstrated an increase in 

NK cell activity in response to local or generalized cold exposure (26). Delahanty et al. 

(26) examined the effects of a cold-pressor task on NK cell function.  In their study, 10 

male subjects (aged 20 - 45 yr) were required to place their hands intermittently in very 

cold (3°C) water for a total submersion time of 3 min (the durations of immersion were 30, 

20, 45, 15, 40, and 30 sec with a 30 sec rest period in-between each submersion). Here, 

there was a local stressful stimulus, with little change of core temperature. They 

demonstrated a trend toward an increase in NK cell activity 2 min into the cold-pressor 

task.  Lackovic et al. (60) exposed 8 naked male volunteers (20 - 26 yr) to a cold (4°C) 

room for 30 min. Body temperatures showed only a moderate decrease (an average of 

0.45°C), but NK cell activity was significantly increased. Similarly, our study has 

demonstrated that NK cell counts and activity increased in response to cold exposure 

which caused quite modest reductions in core temperatures (ranging between 0.6°C and 

1.6°C). 

IL-6 response.    Our finding that plasma concentrations of IL-6 rose in response to 

cold exposure is in contrast to the work of Jansky et al. (53). They reported a slight and 
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non-significant trend to a reduction in the concentration of IL-6 when subjects were 

immersed for 1 h in cold (14°C) water. They also showed that repeated cold water 

immersions over a period of three to six weeks had no significant effect on resting levels 

of circulating IL-6. It is possible that their cold stimulus was not sufficiently prolonged or 

severe to induce any significant changes. We observed a significant rise in plasma levels 

of IL-6 when cold exposure was preceded by the control condition, passive heating or 

exercise with a thermal clamp, but not in the condition when initial core body temperature 

was highest (exercise in water at 35°C). 

Several physical Stressors increase circulating levels of IL-6 (71,75,119); however, 

the mechanisms involved have not been clearly identified.   Pedersen et al. (75) have 

proposed that muscle damage associated with eccentric muscular activity induces the 

release of pro-inflammatory cytokines. Zhu et al. (120) provided experimental data 

showing that the secretion of IL-6 from mouse peritoneal macrophages after cold water 

stress (5 min swim tests in 10°C water) may be related to increased tissue levels of 

immunoreactive substance P. In our study, regression analyses indicated that the 

changes in levels of IL-6 were most closely related to plasma levels of norepinephrine 

and cortisol. Animal studies have shown that catecholamines stimulate endogenous IL-6 

secretion, whereas glucocorticoids inhibit it (73). It is possible that norepinephrine exerts 

its effects by a cyclic AMP-dependent mechanism, since cyclic AMP can modulate 

cytokine production. Szabo et al. (102) have demonstrated that pre-treatment with 

isoproterenol increased the LPS-induced production of IL-6 in rats. 

Hormonal responses. Catecholamines and cortisol play a major role in the 

physiological responses to cold exposure.  Norepinephrine mediates "futile" metabolic 
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cycling in white and brown adipose tissue, together with the acute, general cutaneous 

vasoconstriction that occurs in the extremities (61).   Epinephrine and cortisol facilitate the 

metabolism of glucose and triglycerides, also contributing to increased heat production. 

Levels of plasma norepinephrine were significantly increased within 1 h of cold-air 

exposure in the control condition as well as following passive heating and exercise with a 

thermal clamp. Presumably because of higher initial core temperatures, changes were 

not statistically significant following pre-treatment with exercise at 35°C.   Peripheral 

vasoconstriction, induced by sympathetic release of nor-epinephrine, is one of the first 

responses to cold air exposure (61). Thus, it is not surprising that a significant rise in 

plasma norepinephrine concentration was observed. In contrast, (as reported by others, 

24), cold exposure did little to alter levels of circulating epinephrine and cortisol. Although 

cortisol and the catecholamines (epinephrine and norepinephrine) have typically been 

referred to as "stress" hormones, the release of cortisol tends to lag behind that of 

catecholamines. This may explain why we did not observe a cortisol response to cold 

exposure. A 24-hour urine sample would have provided a more complete picture of 

cortisol responses. 

Norepinephrine can mobilize cells through adrenergic receptor stimulation (40) as 

well as by its action on sympathetic nerve terminals within the lymph nodes and spleen 

(5,13). Cortisol stimulates the release of granulocytes from the bone marrow and reduces 

lymphocyte counts by inhibiting their entry into, and facilitating their egress from the 

circulation (24).  It is unlikely that changes in the levels of circulating cortisol contributed 

to a delayed neutrophilia or lymphopenia in this particular design, as circulating cortisol 

levels tended to remain the same during cold exposure. Our multiple regression analyses 
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suggest rather that the rise in circulating leukocytes during cold exposure may be 

attributed to a norepinephrine mediated mobilization of demarginated cells. These results 

should be interpreted with caution, since correlation coefficients were relatively low. 

Nevertheless, our results support the hypothesis that the observed changes in cell counts 

may be due to a change in levels of circulating hormones induced by a combination of 

exercise and changes in core body temperature. 

Further work should examine if other components of the innate immune system 

(neutrophil oxidative burst) and components of the adaptive immune system (lymphocyte 

proliferative responses and immunoglobulin levels) respond in a similar manner. 

Research should also be completed to examine the influence of more prolonged and 

repeated bouts of cold exposure on immune function. Adverse effects might possibly be 

observed if the combination of cold exposure and prior exercise were sufficient to deplete 

key nutrients important to cellular immune responses. Finally, investigators should 

explore whether the rate of any adaptations to a cold environment is modified when bouts 

of physical activity are performed immediately before or during cold exposure. 

This study suggests that despite popular beliefs that cold exposure can precipitate 

a viral infection, the innate component of the immune system is not adversely affected by 

a brief period of cold exposure. Indeed, the opposite seems the case. The fall in core 

body temperature resulting from cold exposure led to a consistent and statistically 

significant mobilization of circulating cells, an increase in NK cell activity and elevations in 

circulating IL-6 concentrations.  Moreover, in agreement with one of our hypotheses, prior 

exercise with a thermal clamp significantly augmented the leukocyte, granulocyte and 

monocyte response to cold exposure. Prior passive heating and exercise without a 
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thermal clamp also tended to augment the effect of cold exposure alone, but due to the 

small sample size and intersubject variability, these changes were not statistically 

significant. 

81 



REFERENCES 

1. Aarstad, H., Gaudernack.G., and R.J. Seljelid. Stress causes reduced natural 

killer cell activity in mice. Scand. J. Immunol. 18: 461-464, 1983. 

2. Allen, T.H., M.T. Peng, K.P. Chen, T.F. Huang, C. Chang, and H.S. Fang. 

Prediction of total adiposity from skinfolds and the curvilinear relationship 

between external and internal adiposity. Metabolism 5: 346-352, 1956. 

3. Anwar, A., L.L. Smith, D. Holbert, T. Sorensen, and M. Fragen. Serum 

cytokines after strenuous exercise. Med.Sei.Sports Exerc. 29: S72, 1997 

(Abstract) 

4. Bell, D.G., P. Tikuisis, and I. Jacobs. Relative intensity of muscular contraction 

during shivering. J. Appl. Physiol. 72: 2336-2342, 1992. 

5. Bellinger, D.L., K.D. Ackerman, S.Y. Feiten, D. Lorton, and D.L. Feiten. 

Noradrenergic sympathetic innervation of thymus, spleen, and lymph nodes: 

aspects of development, aging, and plasticity in neural immune interaction. In: 

Interactions Among CNS, Neuroendocrine, and Immune Systems, edited by J.W. 

Hadden, K. Masek, and G. Nistico. Rome: Pythagora, 1989, p. 35-66. 

6. Ben-Nathan, D., S. Lustig, and D. Kobilier. Cold stress-induced 

neuroinvaseness of attenuated arboviruses is not solely mediated by 

corticosterone. Arch. Virol. 141: 1221-1229, 1996. 

7. Berglund, B. and P. Hemmingson. Infectious disease in elite cross-country 

skiers: a one year incidence study. Clin. Sports Med. 2: 19-23, 2000. 

82 



8. Boulant, J.A. and J.D. Hardy. The effect of spinal and skin temperatures on the 

firing rate and thermosensitivity of preoptic neurones. J. Physiol. (Lond) 240: 

639-660, 1974. 

9. Brenner, I.K.M., J.W. Castellani, C.L.V. Gabaree, AJ. Young, J. Zamecnik, 

R.J. Shephard, and P.N. Shek. Immune changes in humans during cold 

exposure: effects of prior heating and exercise. J. Appl. Physiol. 87: 699-710, 

1999. 

10. Brenner, I.K.M., P.N. Shek, and R.J. Shephard. Heat exposure and immune 

function: potential contribution to the exercise response. Exerc. Immunol. Rev. 1: 

49-80, 1995. 

11. Brown, M.M. and V.C. Hachinski. Acute confusional states, amnesia, and 

dementia. In: Harrison's Principles of Internal Medicine, edited by J.D. Wilson, E. 

Braunwald, K.J. Isselbacher, R.G. Petersdorf, J.B. Martin, A.S. Fauci, and R.K. 

Root. New York, NY: McGraw Hill, Inc., 1991, p. 183-193. 

12. Brück, K., E. Baum, and H.P. Schwennicke. Cold-adaptive modifications in 

man induced by repeated short-term cold exposures and during a 10-day and - 

night cold exposure. Pfluegers Arch. 363: 125-133, 1976. 

13. Bulloch, K. and T. Radojcic. Characterization of muscarinic acetyl choline and 

beta-adrenergic receptors on fresh and cloned immunocytes. In: Interactions 

Among CNS, Neuroendocrine, and Immune Systems, edited by J.W. Hadden, K. 

Masek, and G. Nistico. Rome: Pythagora, 1989, p. 17-34. 

83 



14. Castellani, J.W., A.J. Young, J.E. Kain, A. Rouse, and M.N. Sawka. 

Thermoregulation during cold exposure: effects of prior exercise. J. Appl. Physiol. 

87:247-252, 1999. 

15. Castellani, J.W., A.J. Young, J.E. Kain, and M.N. Sawka. Thermoregulatory 

responses to cold water at different times of day. J. Appl. Physiol. 87: 243-246, 

1999. 

16. Castellani, J.W., A.J. Young, M.N. Sawka, V.L. Backus, and J.J. Canete. 

Amnesia during cold water immersion: a case report. Wilder. Environ. Med. 9: 

153-155, 1998. 

17. Castellani, J.W., A.J. Young, M.N. Sawka, and K.B. Pandolf. Human 

thermoregulatory responses during serial cold-water immersions. J. Appl. 

Physiol. 85: 204-209, 1998. 

18. Centers for Disease Control. Current trends hypothermia-United States. 

MMWR Weekly 32: 46-48, 1983. 

19. Chen, X., Y.X. Ou, and J.W. Chen. Sequential observation on the influence of 

artificial wind-cold environment to immunologic function of mononuclear 

phagocytic system in mice. Chung Kuo Chung Hsi I Chieh Ho Tsa Chih 13: 739- 

740, 1993. 

20. Cheng, C, T. Matsukawa, D.I. Sessler, M. Ozaki, A. Kurz, B. Merrifield, H. 

Lin, and P. Olofsson. Increasing mean skin temperature linearly reduces the 

core temperature thresholds for vasoconstriction and shivering in humans. 

Anesthesiology 82: 1160-1168, 1995. 

84 



21. Coleshaw, S.R.K., R.N.M. Van Someren, Wolff A.H., H.M. Davis, and W.R. 

Keatinge. Impaired memory registration and speed of reasoning caused by low 

body temperature. J. Appl. Physiol. 55: 27-31, 1982. 

22. Connelly, T.P., L.M. Sheldahl, F.E. Tristani, S.G. Levandoski, R.K. Kalkhoff, 

M.D. Hoffman, and J.H. Kalbfleisch. Effect of increased central blood volume 

with water immersion on plasma catecholamines during exercise. J. Appl. 

Physiol. 69: 651-656, 1990. 

23. Cross, M.C., M.W. Radomski, W.P. VanHelder, S.G. Rhind, and R.J. 

Shephard. Endurance exercise with and without a thermal clamp: effects on 

leukocytes and leukocyte subsets. J. Appl. Physiol. 81: 822-829, 1996. 

24. Cupps, T.R. and A.S. Fauci. Corticosteroid-mediated immunoregulation in man. 

Immunol. Rev. 65: 133-155, 1982. 

25. Danzl, D.F., R.S. Pozos, and M.P. Hamlet. Accidental hypothermia. In: 

Wilderness Medicine: Management of Wilderness and Environmental 

Emergencies, edited by P.S. Auerbach. St. Louis, MO: Mosby, 1995, p. 51-103. 

26. Delahanty, D.L., A.L. Dougall, L. Hawken, J.H. Trakowski, J.B. Smitz, F.J. 

Jenkins, and A. Baum. Time course of natural killer cell activity and lymphocyte 

proliferation in response to two acute Stressors in healthy men. Health Psychol. 

15:48-55, 1996. 

27. Dill, D.B. and D.L. Costill. Calculation of percent changes in volumes of blood, 

plasma, and red cells in dehydration. J. Appl. Physiol. 37: 247-248, 1974. 

85 



28. Downing, J.F., H. Martinez-Valdez, R.S. Elizondo, E.B. Walker, and M.W. 

Taylor. Hyperthermia in humans enhances interferon-Y synthesis and alters the 

peripheral lymphocyte population. J. Interferon Res. 8: 143-150, 1988. 

29. Drenth, J.P.H., S.H.M. Van Uum, M. Van Deuren, G.J. Pesman, J. Van der 

Ven-Jongekrijg, and J.W.M. van der Meer . Endurance run increases 

circulating IL-6 and IL-ra but downregulates ex vivo TNF-alpha and IL-1 

production. J. Appl. Physiol. 79: 1497-1503, 1995. 

30. DuBois, D. and E.F. DuBois. Clinical calorimetry: a formula to estimate the 

approximate surface area if height and weight be known. Arch. Intern. Med. 17: 

863-871, 1916. 

31. Epstein, M. Renal effects of head out water immersion in humans: a 15 year 

update. Physiol. Rev. 72: 563-621, 1992. 

32. Esler, M., G. Jennings, G. Lambert, I. Meredith, M. Home, and G. 

Eisenhofer. Overflow of catecholamine neurotransmitters to the circulation: 

source, fate, and functions. Physiol. Rev. 70: 963-985, 1990. 

33. Fisher, CM. Transient global amnesia: precipitating activities and other 

observations. Arch. Neurol. 39: 605-608, 1982. 

34. Fitzgibbon, T., J.S. Hayward, and D. Walker. EEG and visual evoked potentials 

of conscious man during moderate hypothermia. Electroencephalogr. Clin. 

Neurophysiol. 58:48-54,1984. 

35. Frederiks, J.A. Transient global amnesia. Clin. Neurol. Neurosurg. 95: 265-283, 

1993. 

86 



36. Freund, B.J., C. O'Brien, and A.J. Young. Alcohol ingestion and temperature 

regulation during cold exposure. J. Wild. Med. 5: 88-98, 1994. 

37. Gagge, A.P. and R.R. Gonzalez. Mechanisms of heat exchange: biophysics and 

physiology. In: Handbook of Physiology. Environmental Physiology, Bethesda, 

MD: Am. Physiol. Soc, 1996, p. 45-84. 

38. Gale, E.A.M., T. Bennett, J.H. Green, and I.A. Macdonald. Hypoglycaemia, 

hypothermia and shivering in man. Clin. Sei. 61: 463-469, 1981. 

39. Gannon, G.A., S.G. Rhind, M. Suzui, P.N. Shek, and RJ. Shephard. 

Circulating levels of peripheral blood leucocytes and cytokines following 

competitive cycling. Can. J. Appl. Physiol. 22: 133-147, 1997. 

40. Gannon, G.A., P.N. Shek, and R.J. Shephard. Natural killer cells: modulation 

by intensity and duration of exercise. Exerc. Immunol. Rev. 1: 26-48, 1995. 

41. Giesbrecht, G.G. The respiratory system in a cold environment. Aviat. Space 

Environ. Med. 66: 890-902, 1995. 

42. Gonzalez, R.R. Biophysics of heat transfer and clothing considerations. In: 

Human Performance Physiology and Environmental Medicine at Terrestrial 

Extremes, edited by K.B. Pandolf, M.N. Sawka, and R.R. Gonzalez. Indianapolis: 

Benchmark, 1988, p. 45-95. 

43. Goundasheva, D., M. Andonova, and V. Ivanov. Changes in some parameters 

of the immune response in rats after cold stress. Zentralbl. Veterinaermed. 41: 

670-674, 1994. 

44. Halkier-Sorensen, L., G.K. Menon, P.M. Elias, K. Thestrup-Pedersen, and 

K.R. Feingold. Cutaneous barrier function after cold exposure in hairless mice: a 

87 



model to demonstrate how cold interferes with barrier homeostasis among 

workers in the fish-processing industry. Br. J. Dermatol. 132: 391-401, 1995. 

45. Hayward, J.S., J.D. Eckerson, and M.L. Collins. Thermal balance and survival 

time prediction of man in cold water. Can. J. Physiol. Pharmacol. 53: 21-32, 

1975. 

46. Hennig, J., U. Laschefski, H. Becker, T. Rammsayer, and P. Netter. Immune 

cell and cortisol responses to physically and pharmacologically induced lowering 

of core body temperature. Neuropsychobiology 28: 82-86, 1993. 

47. Hesslink, R.L., M.M. D'Alesandro, D.W. Armstrong, and H.L. Reed. Human 

cold air habituation is independent of thyroxine and thyrotropin. J. Appl. Physiol. 

72:2134-2139, 1992. 

48. Hoffman, J.R., CM. Maresh, L.E. Armstrong, C.L.V. Gabaree, M.F. Bergeron, 

R.W. Kenefick, J.W. Castellani, L.E. Ahlquist, and A. Ward. Effects of 

hydration state on plasma testosterone, cortisol, and catecholamine 

concentrations before and during mild exercise at elevated temperatures. Eur. J. 

Appl. Physiol. 69: 294-300, 1994. 

49. Hong, S. and E.R. Nadel. Thermogenic control during exercise in a cold 

environment. J. Appl. Physiol. 47: 1082-1089, 1979. 

50. lyun, B.F. and G. Tomson. Acute respiratory infections-mothers' perceptions of 

etiology and treatment in south-western Nigeria. Soc. Sei. Med. 42: 437-445, 

1996. 

51. Izawa, T., M. Morikawa, T. Mizuta, J. Nagasawa, T. Kizaki, S. Oh-ishi, H. 

Ohno, and T. Komabayashi. Decreased vascular sensitivity after acute exercise 

88 



and chronic exercise training in rat thoracic aorta. Res. Commun. Mol. Pathol. 

Pharmacol. 93: 331-342, 1996. 

52. Jackson, A., G. Stewart, A. Wood, and J.E. Gillespie. Transient global 

amnesia and cortical blindness after vertebral angiography: further evidence for 

the role of arterial spasm. Am. J. Neuroradiol. 16: 955-959, 1995. 

53. Jansky, L., D. Pospisilova, S. Honzova, B. Ulicny, P. Sramek, V. Zeman, and 

J. Kaminkova. Immune system of cold-exposed and cold-adapted humans. Eur. 

J. Appl. Physiol. 72: 445-450, 1996. 

54. Jiang, CG., J.L. Morrow-Tesch, D.I. Beller, E.M. Levy, and P.H. Black. 

Immunosuppression in mice induced by cold water stress. Brain Behav. Immun. 

4:278-291, 1990. 

55. Johnston, C.E., D.A. Ellias, A.E. Ready, and G.G. Giesbrecht. Hypercapnia 

lowers the shivering threshold and increases core cooling rate in humans. Aviat. 

Space Environ. Med. 67: 438-444, 1996. 

56. Kappel, M., C. Stadeager, K. Tvede, H. Galbo, and B.K. Pedersen. Effects of 

in vivo hyperthermia on natural killer cell activity, in-vitro proliferative responses 

and blood mononuclear subpopulations. Clin. Exp. Immunol. 84: 175-180, 1991. 

57. Keatinge, W. R. The effect of work, clothing, and adaptation on the maintenance 

of the body temperature in water and on reflex responses to immersion. 

Cambridge, UK: University of Cambridge; 1959. Dissertation. 

58. Kenny, G.P., A.A. Chen, B.A. Nurbakhsh, P.M. Denis, C.E. Proulx, and G.G. 

Giesbrecht. Moderate exercise increases postexercise thresholds for 

vasoconstriction and shivering. J. Appl. Physiol. 85: 1357-1361, 1998. 

89 



59. Khan, M.M., P. Sansoni, E.D. Silverman, E.G. Engleman, and K. Melmon. 

Beta-adrenergic receptors on human suppressor, helper, and cytolytic 

lymphocytes. Biochem. Pharmacol. 35: 1137-1142, 1986. 

60. Lackovic, V., L. Borecky, M. Vigas, and J. Rovensky. Activation of NK cells in 

subjects exposed to mild hyper- or hypothermic load. J. Interferon Res. 8: 393- 

402, 1988. 

61. LeBlanc, J. Man in the Cold. Springfield, III: Charles C. Thomas, 1975, 

62. Levinson, S.O., A. Milzer, and P. Lewin. Effect of fatigue, chilling and 

mechanical trauma on resistance to experimental poliomyelitis. Am. J. Hyg. 42: 

204-213, 1945. 

63. Maisei, A.S., P. Fowler, A. Rearden, H.J. Motulsky, and M.C. Michel. A new 

method for isolation of human lymphocyte subsets reveals differential regulation 

of beta-adrenergic receptors by terbutaline treatement. Clin. Pharmacol. Ther. 

46:429-439,1989. 

64    Mathew, L., S.S. Purkayastha, A. Jayashankar, and H.S. Nayar. Physiological 

characteristics of cold acclimatization in man. Int. J. Biometeor. 25: 191-198, 

1981. 

65. Matsukawa, T., D.I. Sessler, R. Christensen, M. Ozaki, and M. Schroeder. 

Heat flow and distribution during epidural anesthesia. Anesthesiology 83: 961- 

967, 1995. 

66. Matsukawa, T., D.I. Sessler, A.M. Sessler, R. Christensen, M. Schroeder, M. 

Ozaki, A. Kurz, and C. Cheng. Heat flow and distribution during induction of 

general anesthesia. Anesthesiology 82: 662-673, 1995. 

90 



67. McCarthy, D.A. and M.M. Dale. The leukocytosis of exercise. Sports Med. 6: 

333-363, 1988. 

68. McDonald, A., S.D. Googe, S.D. Livingstone, and J. Duffin. Body cooling in 

human males by cold water immersion after vigorous exercise. Undersea 

Biomed. Res 11: 81-90, 1984. 

69. Mekjavic, I.B., S.A. Savic, and O. Eiken. Nitrogen narcosis attenuates shivering 

thermogenesis. J. Appl. Physiol. 78: 2241-2244, 1995. 

70. Nehlsen-Cannarella, S.L., O.R. Fagoaga, D.C. Nieman, D.A. Henson, D.E. 

Butterworth, R.L. Schmitt, E.M. Bailey, B.J. Warren, A. Utter, and J.M. Davis. 

Carbohydrate and cytokine response to 2.5 h of running. J. Appl. Physiol. 82: 

1662-1667, 1997. 

71. Nishimoto, N., K. Yoshizaki, H. Tagoh, M. Mondedn, S. Kishimoto, T. Hirano, 

and T. Kishimoto. Elevation of serum interleukin 6 prior to acute phase proteins 

on the inflammation by surgical operation. Clin. Immunol. Immunopathol. 50: 

399-401,1989. 

72. Panza, J.A., S.E. Epstein, and A.A. Quyyumi. Circadian variation in vascular 

tone and its relation to a- sympathetic vasoconstrictor activity. N. Engl. J. Med. 

325:986-990, 1991. 

73. Papanicolaou, D.A., J.S. Petrides, C. Tsigos, S. Bina, K.T. Kalogeras, R. 

Wilder, P.W. Gold, P.A. Deuster, and G.P. Chrousos. Exercise stimulates 

interleukin-6 secretion: inhibition by glucocorticoids and correlations with 

catecholamines. Am. J. Physiol. (Endocrinol. Metab.) 271: E601-E605, 1996. 

91 



74. Passias, T.C., G.S. Meneilly, and I.B. Mekjavic. Effect of hypoglycemia on 

thermoregulatory responses. J. Appl. Physiol. 80: 1021-1032, 1996. 

75. Pedersen, B.K., H. Bruunsgaard, M. Klokker, M. Kappel, D.A. MacLean, H.B. 

Nielsen, T. Rohde, H. Ullum, and M. Zacho. Exercise-induced 

immunomodulation-possible roles of neuroendocrine and metabolic factors. Int. 

J. Sports Med. 18: S2-S71997. 

76. Phillipson, E.A. and F.A. Herbert. Accidental exposure to freezing: clinical and 

laboratory observations during convalescence from near-fatal hypothermia. Can. 

Med. Assoc. J. 97: 786-792, 1967. 

77. Pross, H.F., M.G. Baines, P. Rubin, P. Shragge, and D.R. Patterson. 

Spontaneous human lymphocyte-mediated cytotoxicity against tumour target 

cells. IX. The quantitation of natural killer cell activity. J. Clin. Immunol. 1: 51-63, 

1981. 

78. Pugh, L.G.C. Accidental hypothermia in walkers, climbers, and campers: Report 

to the Medical Commission on Accident Prevention. Br. Med. J. 1: 123-129, 

1966. 

79. Pugh, L.G.C.E. Deaths from exposure on Four Inns walking competition, March 

14-15, 1964. Lancet 1: 1210-1212, 1964. 

80. Radomski, M.W. and C. Boutelier. Hormone responses of normal and 

intermittent cold-preadapted humans to continuous cold. J. Appl. Physiol. 53: 

610-616, 1982. 

81. Rammsayer, T., J. Hennig, E. Bahner, R. von Georgi, C. Opper, C. Fett, W. 

Wesemann, and P. Netter. Lowering of body core temperature by exposure to a 

92 



cold environment and by a 5-HT1A agonist: effects on physiological variables and 

blood serotonin levels. Neuropsychobiology 28: 37-42, 1993. 

82. Rhind, S.G., G.A. Gannon, P.N. Shek, I.K.M. Brenner, Y. Severs, J. 

Zamecnik, A. Buguet, V.M. Natale, R.J. Shephard, and M.W. Radomski. 

Contribution of exertional hyperthermia to sympathoadrenal-mediated 

lymphocyte subset redistribution. J. Appl. Physiol. 87: 1178-1185, 1999. 

83. Sabiston, B. H. and Livingstone, S. D. Investigation of Health Problems 

Related to Canadian Northern Military Operations. Toronto, ON: Defence and 

Civil Inst. Environ. Med., 1973. 

84. Sawka, M.N., R.R. Gonzalez, L.L. Drolet, and K.B. Pandolf. Heat exchange 

during upper- and lower-body exercise. J. Appl. Physiol. 57: 1050-1054, 1984. 

85. Sawka, M.N., C.B. Wenger, and K.B. Pandolf. Thermoregulatory responses to 

acute exercise-heat stress and heat acclimation. In: Handbook of Physiology. 

Environmental Physiology, Bethesda, MD: Am. Physiol. Soc, 1996, p. 157-185. 

86. Sessler, D.I. Central thermoregulatory inhibition by general anesthesia. 

Anesthesiology 75: 557-559, 1991. 

87. Severs, Y., I.K.M. Brenner, P.N. Shek, and R.J. Shephard. Effects of heat and 

intermittent exercise on leukocyte and subpopulation cell counts. Eur. J. Appl. 

Physiol. 74: 234-245, 1996. 

88. Shapiro, Y., B.A. Avellini, M.M. Toner, and K.B. Pandolf. Modification of the 

Monark bicycle ergometer for underwater exercise. J. Appl. Physiol. 50: 679-683, 

1981. 

93 



Sub-arctic-Exercise Northern Ramble. Toronto, ON: Defence and Civil Inst. 

Environ. Med., 1972. 

97. Stene, M., N. Panagiotis, M.L. Tuck, J.R. Sowers, D. Mayes, and G. Berg. 

Plasma norepinephrine levels are influenced by sodium intake, glucocorticoid 

administration, and circadian changes in normal man. J. Clin. Endocrin. Metab. 

51: 1340-1345, 1980. 

98. Stephenson, L.A. and M.A. Kolka. Menstrual cycle phase and time of day alter 

reference signal controlling arm blood flow and sweating. Am. J. Physiol. 

(Regulatory Integrative Comp. Physiol.) 249: R186-R191, 1985^ 

99. Stephenson, L.A. and M.A. Kolka. Increased skin blood flow and enhanced 

sensible heat loss in humans after nicotinic acid ingestion. J. Therm. Biol. 20: 

409-423, 1995. 

100. Stephenson, L.A., C.B. Wenger, B.H. O'Donovan, and E.R. Nadel. Circadian 

rhythm in sweating and cutaneous blood flow. Am. J. Physiol. (Regulatroy 

Integrative Comp. Physiol.) 246: R321-R3241984. 

101. Sundaresan, G., N. Suthanthirajarajan, and A. Namasivayam. Certain 

immunological parameters in subacute cold stress. Indian J. Physiol. Pharmac. 

34: 57-60, 1990. 

102. Szabo, C, G. Hasko, B. Zingarelli, Z.H. Nemeth, A.L. Salzman, V. Kvetan, 

and E.S. Vizi. Isoproteronol regulates tumour necrosis factor, interleukin-10, 

interleukin-6 and nitric oxide and protects against the development of vascular 

hypoactivity in endotoxaemia. Immunology 90: 95-100, 1997. 

95 



103. Tayefeh, F., O. Plattner, D.I. Sessler, T. Ikeda, and D. Marder. Circadian 

changes in the sweating-to-vasoconstriction interthreshold range. Pfluegers Arch. 

435:402-406, 1998. 

104. Thoden, J.S., G.P. Kenny, F. Reardon, M. Jette, and S.D. Livingstone. 

Disturbance of thermal homeostasis during post-exercise hyperthermia. Eur. J. 

Appl. Physiol. 68: 170-176, 1994. 

105. Thompson, R.L. and J.S. Hayward. Wet-cold exposure and hypothermia: 

thermal and metabolic responses to prolonged exercise in rain. J. Appl. Physiol. 

81:1128-1137,1996. 

106. Toner, M.M., M.N. Sawka, and K.B. Pandolf. Thermal responses during arm 

and leg and combined arm-leg exercise in water. J. Appl. Physiol. 56: 1355-1360, 

1984. 

107. Tosi, L. and C.A. Righetti. Transient global amnesia and migraine in young 

people. Clin. Neurol. Neurosurg. 99: 63-65, 1997. 

108. Vallerand, A.L., G. Savourey, and J.H.M. Bittel. Determination of heat debt in 

the cold: partitional calorimetry vs. conventional methods. J. Appl. Physiol. 72: 

1380-1385, 1992. 

109. Wenger, C.B., M.F. Roberts, J.A.J. Stolwijk, and E.R. Nadel. Nocturnal 

lowering of thresholds for sweating and vasodilation. J. Appl. Physiol. 41: 15-19, 

1976. 

110. Wilderness Medical Society. Hypothermia. In: Practical Guidelines for 

Wilderness Emergency Care, edited by W.W. Forgey. Merrillville, IN: ICS, 1995, 

p. 25-26. 

96 



111. Windle, CM., I.F.G. Hampton, P. Hardcastle, and M.J. Tipton. The effects of 

warming by active and passive means on the subsequent responses to cold 

water immersion. Eur. J. Appl. Physiol. 68: 194-199, 1994. 

112. Won, S.J. and M.T. Lin. Thermal stresses reduce natural killer cell cytotoxicity. 

J. Appl. Physiol. 79: 732-737, 1995. 

113. Yamanishi, T., K. Yasuda, M. Tojo, T. Hattori, R. Sakakibara, and J. 

Shimazaki. Effects of beta-2 stimulants on contractility and fatigue of canine 

urethral sphincter. J. Urol. 151: 1066-1069, 1994. 

114. Young, A.J. Homeostatic responses to prolonged cold exposure: human cold 

acclimatization. In: Handbook of Physiology. Environmental Physiology, 

Bethesda, MD: Am. Physiol. Soo, 1996, p. 419-438. 

115. Young, A.J., J.W. Castellani, C. O'Brien, R.L. Shippee, P. Tikuisis, L.G. 

Meyer, L.A. Blanchard, J.E. Kain, B.S. Cadarette, and M.N. Sawka. Exertional 

fatigue, sleep loss, and negative energy balance increase susceptibility to 

hypothermia. J. Appl. Physiol. 85: 1210-1217, 1998. 

116. Young, A.J., J.W. Castellani, and M.N. Sawka. Human physiological responses 

to cold exposure. In: The 1997 Nagano Symposium on Sports Sciences, edited 

by H. Nose, T. Morimoto, and E.R. Nadel. Carmel, IN: Cooper Publishing Group, 

1998, p. 273-286. 

117. Young, A.J., M.N. Sawka, Y. Epstein, B. Dechristofano, and K.B. Pandolf. 

Cooling different body surfaces during upper and lower body exercise. J. Appl. 

Physiol. 63: 1218-1223, 1987. 

97 



118. Zamecnik, J. Quantitation of epinephrine, norepinephrine, dopamine, 

metanephrine, and normetanephrine in human plasma using negative ion 

chemical ionization GC-MS. Int. J. Spectroscopy Soc. Can. 42: 106-112, 1997. 

119. Zhou, D., A.W. Kusnecov, M.R. Shurin, M. DePaoli, and B.S. Rabin. Exposure 

to physical and psychological Stressors elevates plasma interleukin 6: 

relationship to the activation of hypothalamic-pituitary-adrenal axis. 

Endocrinology 133: 2523-2530, 1993. 

120. Zhu, G.F., C. Chancellor-Freeland, A.S. Berman, R. Kage, S.E. Leeman, D.I. 

Beller, and P.H. Black. Endogenous substance P mediates cold water stress- 

induced increase in interleukin-6 secretion from peritoneal macrophages. J. 

Neurosci. 16: 3745-3752, 1996. 

98 


